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FOREHORD 



I am very pleased that a report on the Investigation of the Hlyagl-ken-okl , Japan 

earthquake of June 12, 1978, has been prepared by T' . S . englneern and scientists AS an 
activity of the joint proRrnm of the UJNR Panel on Wind and Seismic Effects. 

T hope this report trill play an importaot role not only in improving understanding of the 
Mlyagi-keo-okl earthquake and other clrcunstancea about earthquakes In Japan but alao In 
contributing to the earthquake research of jrour country. 

Through the field survey conducted by U.S. nembers at the sites where damage occurred from 
thi^ e.^rthquake» the importance of cooperating research activities in our panel was 



Finally, I deeply respect the effort to compile the report and hope our relationship will 
continue. 



A part o£ the mission of the U.S. -Japan Panel on Wind and Seismic Effects of UJNR* is to 
carry out joint projects on the investigation of natural disasters. Immediately after the 

Hiyagi-ken-oki, Japan earthquake of June 12, 1978, a team of U.S. panel members and other 
engineers aad scientists was dispatched to Miyagl Prefecture. The investigation was 
coordinated by members of the Japan Panel on Wind and Selamlc Effects. 

This document is the result of the investigation by the U.S. team on the earthquake. It 

describes geologic features of the earthqi:nkc-f?tricken area, and damage to human-made 
structures. It is hoped the infonoation presented in this document will add to the know- 
ledge of seismology and earthquake engineering. 

The U.S. Panel expresses its sincere appreciation to the Japan Panel for their cooperation 
in arranging the Investigation and the fullest assistance given to the U.S. team. We look 
forward to the continuation of these cooperative efforts. 



reaf t inuvid. 



Yoshijiro Sakagami, Chairman (Japan) 
UJNR Panel on Wind and Seismic Effects 
Director General 
Public Works Research Institute 
Hlniatry of Construction 



Edward 0. Pfrang, Chairman (U.S.) 
UJNR Panel on Wind and Seismic Effects 
Center for Building Technology 
National Bureau of Standards 



U.S. -Japan Cooperative Program in Natural Resources 
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ABSTRACT 



On June 12, 1978, a destructive earthquake with Rlchter magnitude of 7.4 occurred off the 

east coast of Miyagi Pri^ t ure , Japan. Preliminary estimates by thi: '-I'ional Land Agency 
of Japan indicated that the earthquake caused an equivalent of $800 million In total 
danage. There is a cooperative agreement between Che governments of the United States and 
Japan termed the U.S. -Japan Program In Natural Resources (UJNR) . Following the earthquake, 
it was arranged through VJITO that teams of U.S. Structural engineers and geologists would 
visit Mlyagi Prefect niu lad inspect the damage caused by the earthquake. This report 
assembles the Inforioation and collective experiences o£ the investigation team so as to 
describe the earthquake and document its effects. Field investigations conducted by 
geologists and structural engineers are described in detail and some of the implications 
for seismic resistant design and construction of structuret* in Che United States arc al&u 
discussed. 



Key Vordst Bridges; buil^I i ::l-s; dikes; earthquakes; foreign engineering; geohigy; highways; 
housing; landslides; liquefaction; power plants; railroads; rocksildes; 
seisnlcity: structural engineering. 
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1 . IVrTRODUCTION 



1 . 1 GblNEkAL SlIlJAr iON 

Sendal City, located in Mlyagi Prefecture, Japan, ia a aodern industrial and conaarcial city 
located some 350 ka northeast of Tokyo (Figure 1.1). Mlyagi Prefecture hae a population of 

about 1 .9 Trillion, of which approximately 600,000 reside in Sendai City. Another million 
are found in the suburbs of Sendai or in nearby cities and villages. This section of Japan 
Is quite aouatalnous, and the population la restricted to coastal plains and nountain 
valleys. The population density Is ouch nore concentrated than In the United Statea* For 
instance, Sendai City occupies an area that is probably about one-third the size of Seattle, 
Washington, whicli has a similar population. Ther.^ an- about G,50n business /manufacturing 
firas Id Mlyagi Prefecture and about 452, UOU households (homes and apartments). Critical 
facilities within the area of danage Include police, fire, pover plants (nuclear and fossil 
fuel), oil and gas processing and Storage, dans, hospitals, schools, and pxefectural and 
municipal buildings. 

On Honday, June 12, 1978, at 1714 hours local time, a destructive earthquake with Richter mag- 
nitude of 7.4 occurred off the east coast of Mlyagi Prefecture. The earthquake hypocenter 

was located at 38° 9'N latiiudf, 142° 13'E longitude, at a depth of 30 km. This places the 
epicenter at a point approximately 12U km £S£ from Sendai City and 93 km SE of the fishing 
town of lahlnoaakl. The distance to the neareat Instruaeated recordings is about 70 kn. 
Historically, this Is a selsmically active area; in fact, an earthquake of Kichter magnitude 
6.7 occurred as recently as February 20, 1978. Although the effects were felt as far away 
as Tokyo, whert! a window fell frota a new liigh-rise building, major damage was confined pri- 
narily to Mlyagi Prefecture. The intensity of ground shaking was reported to be V on the 
Japan Meterologleal Agency (JKA) scale In an area approxlnately 180 kii by 60 kn along the 
coast which includes the cities of Ofunato, Tshlnonaki, KhtOi^axa, Scr.c!al, an<! Fukushima. JMA 
intensity V Is approxiiaaLtily equivalent to a Moditied .'ler.-.aLll intuusiLy i;i ihu range VII- 
VIU* It Is partially described as "Very strong - cracks in walls, overturning of tomb- 
stones and stone lanterna; daaage to aasonry chlnneys and nud-plastered warehouses." The 
main earthquake was preceded by a smaller shock at 1703 hours; several aftershocks were felt 
during the following 4 days. 

As of July 1, 1978, 27 deaths had been attributed to the earthquake in Mlyagi Prefecture, of 
which 17 were caused by collapsing walls, nearly 1,600 people were injured. Electrical power 
was lost In Sendai for approximately 6 hours, and was not completely restored for sever^ii 
days. Damag(! lu tlie natural gas distribution system upon which much of the city relies was 
a significant problen, and some areas of Sendai were still without gas 2 weeks following 
the earthquake. Other critical services were disrupted, but not to the extent thet disaster 
recovery operations could not begin immedlate^ly followinij the ea rtliijuake . Preliminary esti- 
mates by the National Land Agency indicate that the earthquake caused an equivalent of about 
$S00 nllllon in total danage. 

There exists, between the Govemnents of the United States and Japan, a cooperative agree- 
ment termed the U.S. -Japan Program in Natural Resources (VTAR) . The principals for the UNJR 
Panel on Wind and Seismic Effects are the U.S. National Bureau of Standards (NBS) and the 
Public Works Research Institute (FWRI) of the Japaneae Ministry of Construction. Other Gov- 
ernment agencies are also Involved In thr- program, Inclndlnf, the U.S. Geological Survev 
and Federal Highway Administration on the I'.S. panel and the Building Research Institute and 
the National Research Center for Disaster Prevention on the Japanese panel. Following the 
earthquake, it was arranged through UJNR that teams of U.S. structural engineers and geolo- 
gists should visit Mlyagi Prefecture and Inspect the damage. Concurrently, the Federal Dlaas- 
tcr Assistance Administration arranged for the visit of their representative through the 
American Embassy in Tokyo. 

Team sMmbers traveled as individuals or as groups as their Interests and circumstances dic- 
tated. Hr. Brady arrived June 19th and spent 2 days In the Sendal area viewing general danage. 

Messrs. Cooper, Ellingwood, and Yanev arrived on .Tune 22nd and spent 5 days in Miyagl Prcfcc- 
Cure inspecting damage to buildings. Industrial facilities, and transportation structures. 
Hessrs. Harp, Keefer, and Wentnorth arrived on June 23rd; their primary interests were In 

geology, seismlclty, liquefaction and dike damage, and land^l'do; and rorV falls. Mr. Fovl f>r 
arrived on June 24ch to investigate the social effects of the earthquake and how the Japanese 
authorities responded to the disaster. 
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Figure 1>1 Map of Japftn showing locations of 
Miyagl Prefecture, Sendal City and 
epicenters of 1978 earthquakes. 
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The purpose of this report i» to asseable the Inforaatlon and collective eiperlences of the 

team members 80 as to describe the earthquake and document its effects. The field investi- 
gations conducted by geologists and structural engineers are described in detail, and some 
of the laplicatlons for the selsnlc resistant design and construction of structures In the 
Ubited States are discussed. 

1.2 iteknowledyiMnta 

The Investigation of the Off-Mlyagl earthquake would not have been possible without the 

assistance of numerous Japanese engineers, fteologlsts, and Government officials who handled 
logistics and provided U.S. tean meisbecii with unpublished data. Thanks first of ail are 
due to Mr. Kazuto Nakazawa, forner Director-General of the Public Works Research (PWRl) and 
fozner Chairaan of the Japan panel of UJN'R, for enabling ua to work with hia ataff at a vuKj 
busy and inopportune tigie for them. In particular. Or. Tadayoshi Okubo, foraer Director of 
the Planning and Research Administration Division within PWRI and now Assistant Director- 
General, who also served as secretary for Che Japan Panel of UJNR, arranged itineraries, 
ttsde travel arrangeaents within Japan, arranged oeetlngs with Japanese engineers and geolo- 
gists, and facilitated entrance to sites of damage that otherwise would have been inaccess- 
ible. Mr. Xoshio Iwasaki, Uead of the Ground Vibration Diviaiua in PWRI, accoapanied 
Messrs. Cooper, Ellingwood and Yanev on their field investigation trip to Fukushlma, Seodal 
and Ishinonalii, while Dr« Hasamitsu Ohashi, forner Director of the Earthquake Disaster 
Prevention Department of TWItl, accompanied Hr. Brsdy for 2 days. Mt. Toyokasu Shlmlcu of 
the Tohoku Regional Construction Bureau spent 2 days escorting team nicmbcrs to sites of 
daaaged buildings in Sendal City while Mr. Kuninatau lioshlhata of the same Bureau hosted the 
visit to Ishlttooaki. Representatives from the U.S. Geological Survey were hosted by 
Mr. Tadayuki Tazaki and were accompanied to Miyagi Prefecture by Mr. Biichl Kurlbayashl, 
both of the Earthquake Engineering Division, PWRl. 

Or. Uiroshi Tanaka of Tokyo Electric Power Conpany conducted the tour of the Fukusbima power 
plant and later was available for discussions In Tokyo. Dr. Shinsuke Nakata of the Struc- 
tural Eni',lnee ring Division, building Research Institute, was available for discussion on 
damage to building structures following our return to Tokyo. Mr. Uajime Tsuchlda of Che 
Port and Harbour Research Institute nade sooe of the strong motion records available to 
the team and provided Information on damage in the port of Ishinomski. 

In addition to those already mentioned, acknowledgments are due Mr. Keiichi Ohtani of the 
National Research Center for Disaster Prevention, Science, and Technology Agency; Mssrs. 
Haroo Toshlkoshl and Tasou Hatanabe of the Sendai Construction Office, Hlnlstry of Construc- 
tion; Mr. Shigeyoshi Shima, Tohoku Regional Construction Bureau, Ministry of Construction, 
Messrs. Kunlmatsu iloshihata, Chutaro Chiba and Tsuyoshi Soto of the Kitakami-Karyu Construc- 
tion Office, Hiniscry of Constructlonj Mr* Kasuhiko Kawashlma of PURI^ Messrs. Hsgahlsa 
Ikuta, Masaki Takahashi and Osanu Yotsuyanagl of the National Land Agency, Messrs. Uidenao 
Miyamoto and Toshlo Shono of Tohoku Petroleum Co., Ltd., Mr. Chunchiro Kiowa of the City of 
Sendai, Messrs. Masashige Sasaki, lokashi Shibuya, Yokio Matsuzaki and AKira lokano of 
Miyagi Prefecture; and Professors Akio lakagi, Ishii, Uisao tiakagawa, Akeaori Shibata and 
Toshlo Shiga of Tohoku University^ Messrs* Takashl Hiral, Yolchl Rijil* and Hoboru Inouehi of 
the Geographical Survey Inatltute in Tokyo* 

On the U.S. side, Dra. Edward 0. Pfrang and H. S. Lew of NBS, chalrnan and secretary, 
respectively, of the U.S. Panel of UJNR, nade the initial arrangements which were necessary 
to facilitate the visit of the U.S. structural engineers to Miyagi Prefecture. Mr. Yanev's 
visit was .supported, in part, by the Earthquake Engineering Research Institute. Mr. I^ouis 
CatCaneo of the National Bureau of Standards assisted in assembling the material for this 
report* Mr* Justin L* Bloom, Counselor for Scientific and Technological Affairs of the U.S* 
Embassy and hia assistant, Mr. Bruce Carter assisted Mr. Fowler in his visit* 
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2. SOCIAL EFFECTS AND GOVEfUMBNT RESPONSE* 



2.1 DAMAGE 



There ar« abouC 6,500 business and manufacturing flros and about 452,000 households (hones 
and apartments) In Mlyagl Prefecture. In Mlyagl Prefecture, 803 dwellings were destroyed 
(309 in Sendal). M.ijnr causes of the destruction were landslides, inadequate foundations, 
and Inadequate lateral bracing. A nunber of 2- to 4-story apartment buildings were rendered 
uninhabitable when their first-floors, housing shops or parking space, collapsed. 

According to data compiled by the National Land Agency, the earthquake caused damage amouat- 
iog CO 166 billion yen ($830 million). A detailed outline of the various types of damage 
and the economic loss that resulted Is presented at the end of this chapter. In some cases 
the amounts listed represent the cost of replacing a building or facility with a modern 
structure even though the damage caused by the earthquake could be repaired at a lower cost* 
Almost half of the total damage estimate represents the cost of repairing or replacing fac- 
tories, stores, and other business establishments as shown in Table 2.L 

Most buildings in Japan have tile roofs. Literally thousands were damaged, this was the 
moat apparent type of damage in the area. (Tile falling from roofs caused a nunber of 

Jnjtirlf^s.) Itoin 9 of the danagc Indicates that 20,634 structures wero floorfisd. SfndaJ City 
and Mlyagi freiecture uiticiaib reporLtd that four homes were flooded a dirc-ci resuic ot 
the earthquake. Because of the extensive roof damage, and because the area received heavy 
rains after June 12, it nay be that secondary water damage Is reflected In the table. 

In considering the daTnaj;e, one must unde r-; t jnd the topography and construction siting areas 
in and near Sendai. Sendai has three distinct areas; the old (oritjinal) city, which is 
centrally situated on solid level ground; a new section on the eastern side, toward the 
coast, mich of which is consrnictod on soft, flat ground (some of which Includes ffll 
areas), and an area of hills to the nortn and west, where people have conscructea nomes anu 
buildings on terraces. Damage and losses were nuch greater In the soft and hill areas than 
In the old section. 

In the hill areas, unstable fill surfaces in combination with saturated soil caused many 
land&iides. Cracks, mostly associated with the landslides, formed in the terraced ijround 
where houses and apartment buildings wero built* According to officials, a total of 337 
landslides occurred throughout the prefacture* 

Liquefaction in conjunction with inadequate foundations contributed to heavy damage in the 
flat (soft) area. Reports of dike and levee subsidence were verified in many areas along 
streans. At Nokahura, which Is near Seadal» a dike that was originally 7 to 6 m high 
settled l>5 n because of liquefaction. 

Reinforced concrete buildings, bridge piers, and bridge abutments settled and sustained 
damsge in nany areas due to liquefaction and inadequate footings. Soft soil layers under 
reinforced concrete structures contributed to much of the damage. It is interesting to 
note that damage to buildings from north-south shaking motion was often noticeably more 
severe and extensive than damage from east-west movement. Steel-frame buildings by and 
large survived the earthquake better than reinforced concrete structures. Some lost facadea 
and windows, and only one col! ipned. Older buildings constructed of wood fraoes were dan- 
aged because of inadei^uut-e iatctai bracing. 

A major oil refinery in the port area of Sendai, containing 9d storage tanks of varying 
sises, suffered damage when three large tanks containing fuel oil sprang leaks. Several 
nlllion gallons of oil flooded the refinery area, and sooie reached the waterway serving 
the port. 

The major cause of .^e'ths and Jnjurii s fr ; the earthquake was collapsing or falling walls 
made of stone or clnderblock. ihese structures serve as fences, privacy walls, and noise 
barriers. There is a National Code that requires that walls of this kind that are over 



* Prepared by Hugh H. Fowler, Emergency Hanagement Agency, Bothell, Washington. 




Tabls 2.1 OutllM of Pnllnliuity Oawgs fron Juna 12, 1978, Htyagl^k«i->^ki. Earthquake 



Value 

Quantity («lllloo $> 



1. 


Dead 


27 




2. 


Missing 


0 




3. 


Injured 


1,052 




4. 


Uouseholde suffering danage 


3,477 


•*** 


5. 


Individuals suffering danage 


13,768 




6. 


Buildings wholly destroyed or burned or washed away 


803 




7. 


Partially destroyed buildings 


5,227 


108.7 


8. 


Partially damaged buildings 


58,927 


~~ 


9. 


Flooded building 


20,634 


31.0 




Subtotal 




139.0 


10. 


Hospitals 


119 


1.7 


11. 


Clinics 


19^; 


0.2 


12. 


Hedlcal equlpaeat 


735 


1.0 


13. 


ffater Works 




4.8 


14. 


Sanitation facilities 


29 


5.3 


15. 


Other saaltatloD facilities 


33 


7.4 




Suteotal 




20.4 


16. 


Factories and stores 


55,078 


455.0 


17. 


Other business establishmeats 








Subtotal 




455.0 


18. 


Paddy fields (ha) 


5.5 


0.3 


19* 


Fields or faraa (ha) 




MM 


20. 


Agricultural facilities 


535 


24.1 




Subtotal 




24.5 


21. 


Faro produce (ha) 


541.1 


1.1 


22. 


Joint-use facilities 


424 


5.8 




Subtotal 




6.9 


23. 


Livestock 


2,100 




24. 


Livestock facilities 


35 


0.6 


25. 


Livestock products 


3 






Subtotal 




0.6 


26. 


Sericultural (silkworm) facilities 


12 




27. 


Fishing boats 


17 


— - 


28. 


Fishing port facilities 


109 


13.5 


29. 


Fishery and aquaculture facilities 


341 


5.0 


30. 


Fishery products 


— 


U.2 


31. 


Fishing equipment 


64 


— — 




Subtotal 




18.9 


32. 


Forest land, ro.ids 


56 


1.6 


33. 


Forestry iacilities 


38 


0.9 


34. 


Forestry products 


6 


0.1 




Subtotal 




2.6 


35. 


Primary schools 


367 


7.0 


36. 


Middle schools 


170 


2.1 


37. 


High schools 


102 


7.0 


38. 


Other schools 


323 


14.7 


39. 


Cultural assets 


22 


1.2 




Subtotal 




3J.2 


40. 


Roads (sites of daoage) 


720 


16.0 


41. 


Bridges 


65 


32.1 


42. 


Rivers (sites of danage) 


lis 


6.6 


43. 


Shores 


5 


1.1 


44. 


Erosion control facilities 


12 


1.7 


45. 


Ports and harbors 


85 


7.6 




Subtotal 




66.0 


46. 


Railways 




34.8 


47. 


Electrical facilities 




13.7 


48. 


Communications facilities (sites of damage) 


2,660 


2.3 
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^ kjui^uo i.y Google 



Value 

Quantity (wtmon 

49. Social welfare facllltiaa 166 J.U 

50. Urban facilities 76 4.1 

51. Gas fadlitias 53 2.0 

52. Other facilitiea 231 3.1 

Subtotal 62. V 

Total loss 830.0 



Number of pt-upie evacuated by order or 

recomieDdatloa 26,017 

Nuitiber of couiinunitles wIiL'Tu lica Jqua r to rs 

for disaster couatermeasures were sec up 36 
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l'l/2 m high wsc be reinforced In bocb dlrectloaa wlch eteel bars. (The bars ousc be ai 

IcabL 9 mm in diameter and must consist uf an PO cm grid across and down the wall>) Sonie of 
the Mdliai t.liat fell contained iaadeviuaic ruiufurcing and were more o£ a danger than 
those with none; those with no reinforcement tended to crumble, while those with inade- 
quate relofoxcinft toppled oo people who were aeerbgr or who held eato thes for etehilltjr ee 
the carthqueke oeourxed. 

2.1.1 Public Facilities, Services, and Lifelines 

Effects of the earthquake on so-ealled critical facilities, on public services, and on other 
vital actlvitiae ware varied. In aoaa caaaa, functioning was interrupted only temporarily. 
In other c««e», the lopaec on eagaenta of the population lasted for aeveral Heelia4 

2*1 .2 Lav Bnforcetnent and Bmergency Services 

Only slight damage was sustained by police facilities. The police cumoiuaication system 
played a vital role in naintaining order and dispersing factual infonnation iJMsediately 
after the earthquake. Fire service facilitieai alsO| received little deaagCt and unite had 
no difficulty coping vlth the few (10) fivee that started. 

Of the 41 hospitals in the Prefacture (27 in Ssndai), several sustained vatyiag amounts of 
daaage. The natural gas and electricity outage Interfered with aedleal services, however, 
there were no roi orced probleas with overloading becauee of the influx of Injured to the 

city for creatmenL. 

2.1.3 Transportation 

The National Railway atoppcd all train service in the area imaediately after the earthquake 
to insure agaiust accidents sod to asi»ciis damage to the system. Service was restored quite 
soon after repairs were made, and the safety of the line and its control systems was 
ascertained' Public bus service in Sendai was hampered in the hours immediately following 
the earthquake because of traffic light failure. Air service between Sendai and other 
points was quickly restored after airport officials assessed danage sad found that safe 
service could cooneoce. 

2.1.4 tftllltlee 

Danage to the natural gas diatribution system in Hlyagl Prefecture was a major recovery 
problen. Gas distribution systans in six cities were severely affected. About 60Z of 
the 200.000 households in Sendai are dependent on gas for heating and cooking. As of 
June 28. 1978, 22,000 of thonti householdo OS wcll ss 10,419 hottseholds iu Other citlee of 
Che prefecture were still without gas* 

Electrical service to 419,100 hoiiics In the prefecture was Interrupted. For the most part. 
Service was restored within a cl.iy or two. Few distriliutioa Xiac poles were toppled. Two 
electrical generating plants serving Sendai were out of operation. One of thoee plants, 
locatad naar tha oil rafinary at tha port, depanded upon fuel frod the one reflnexy that 
wee rendared inoperetlve. The other, loeeted lo north Sendai, wes rendered Inoperative 
when the city's storage plant for low-pressure gas caught fire and service had to be termin- 
ated. Electrical power from other areaa end facilities was diverted and at the tiaa of the 
veconaaiseanee was aaettng the aaeda of Sendai, although several factories in the prefecture 
were still without power. 

within the prefecture, there are about 30 separate water and sewage conveyance systems, 
nose of which are publicly owned. Prefecture officials estimated the damage to theae aya- 
tems, all of which had been restored by June 25, 1978, at about $30,000,000. Several lift 
station pumps had to be replaced. Damage to sewer lines in Sendai was miniiDal, however, 
until electricity had been restored, the system wa» partially inoperative. Several nuclear 
electrical generating plants are located near Miyagi Prefecture. It is Interesting to note 
that none eaperlenced any aigniflcant earthquake-related probleae or daBsge* 
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2.1.5 Comnunl cat Ions 



Ail ceiephone service In Sendal and in the sucruuudiiig areas was interrupted Irotu l>;i.4 p.m. 
until 8:00 p. a* on June 12, I978< By 8:00 p.m. , 50X of the service in the Sendal area 
and 75% of the service la ereae north of Tokyo had been restored. The dlaruptloo extended 

as far south as Tokyo. 

With the loss o£ electricity, all televiaion and radio atationa were unable to broadcaat. 
Se'veral cane back on the air aoon aftenrards by using emergency generators and perfornsd 

an Important servtco by broadcasting factual information provided by the jjoIIcg And local 
governxt^nt officials. However, because most of the population was without electrical ser- 
vice, only those people with hstte ry- operated transistor radios could receive eaergency 
Inloraation. (Mo f omal energency broadcast systen exists in Japan. ) 

2.2 RBSFOITSB 

Iflmsdlately after the earthquake, govern«ent officials In Tokyo (national), in Sendal 

(profccturc and city), and in other coaimunitios met to take emergency-response action and 
to plan recovery measures. Sendal established a Disaster Counterneasures Headquarters 
headed by the aayor. Included In this group were representatives of the National Railwayi 
water, gas. and electric utllltlea; the police and fire departneotSi the Red Cross; and 
others. This headquarters remained operational for 24 hours a day inaediately after the 
earthquake. Ii was si 111 In operation of June 27, 1978. Actual response activities are the 
City of Sendai's respoaslbllicy. If an eaergency Is beyond the oeans of their resources. 
City officials aay requeat additional aetvicea or financial help f ron the prefecture or 
national goveronent. 

With regard to food and supplies and distribution of emergency retlons* the Governor of the 
Prefecture activated a Headquarters for Self-Sufficiency for the purpose of monitoring food 
supplies and prices as nell as to Insure the availability of other Itess necessary for the 
populace to survive and recover. Aaong the tasks the Headquarters perfomed weret 

* Cheeking on regional and central wholesale markets 

* Cliecking on bread and dairy products 
' Checking department and food storea 

* Arranging for additional propane bottles and burners 

* Honitorlng the supply of electric cells (batteries) for flashlights 

* Requesting cooperation froa the sales industry to tnaintain stable prices (prices 
of sons critical Iteas actually were lowered during the energeoey period) 

* Receiving end considering consuaer eonplalnts 

* Providiiii- propane burners and fuel to handicapped centers 

' Providing coordination with producers and suppliers of lumber, glass* concrete, and 
other building supplies to insure that adequate stocks were available where needed 

* Coordinating with National Goverament officials in Tokyo when necessary. 

The headquarters used the media to the fullest extent possible to broadcast factual Infor* 
matlon concerning supplies and prices. Close dally contact was maintained with 30 deslg' 
nated stores in the area to aonitor events. 

The police force played a key role in ■aintaining order and providing inf ornation to the 

populace. Because the lack of electric power limited the effectiveness of the mass media, 
police used loudspeakers on vehicles. By 8:30 p.m. on June 12, more than 7,000 people had 
gathered at the Sendal train station (all trains had stopped after the earthquake). The 
police aoved la portable generators, set up lights, and used loudspeakers to provide Infor- 
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MCloD. By keeping Cham Infoned about the likelihood of tattUBi or another earthquake and 

about Che damage sicuatlon, authoritius were able to ealn the public and avert panic. Bjr 
9:30 p-a., all but 600 of Che crowd had dispersed. 

A traffic control center «m set up lonedieteXy after the earthquake to handle the severe 
traffic problem. Crowds of people and vebiclea had gathered at crossings. To deal with 
this the following ■easures were taken: 

* All available police were ordered to duty 

* The traftic coatroi center monitored critical areas and dispatched police to handle 

probleme 

* Loudspeakers were used effectively to Inform the public. 

The damage caused by the earthquake had been Judged not great enough for Che Prime Minister 
to issue a NaCional State of Emergency declaration for the Miyagi Prefecture. Article lUS 
of the Disaster Countermeasures Basic Law provides the basis for issuance of such a declara- 
tion. Officials of Che Ministry of Construction have visited Miyagi Prefecture to assess 
the damage caused by the earthquake. On the basis of their assessiaoat, the National uovero- 
ment will determine the amount of nacional funds Co be provided (usually two-chirds of the 
cost, with the reasining third to be borne by the prefecture). 

Japan has a Disaster Reliei Act , which is administered by the Ministry ot iieaith and *iei- 
fare. Under this authority, which does not require a declaration by the Frlme Minister of a 
Matlooal State of Emergency in order Co act, relief waa approved for two deles and four 
towns. Bach municipality (or prefecture) submits a request, sccompanied by data, photo- 
graphs, and loss statistics to the rCatioiial Government. Included as benefits under the Act 
are low inceresc loans (3.05^) Co replace buildings of wood construction. The period of 
repayment can be extended to 25 years- Homeowners with existing loans on their property are 
not eligible for much assistance under the Disaster ELelief Act other than a low-interest 
loan. This msans that they would need to carry two loan payments. City of Sendai and aiya^l 
Prefecture officiala are trying to get National funding to cover the initial load balance. 

The prefecture dlsaater plan provides Chat local government heads can request military sup- 
port and assistance (from the Self-Defense Force)- Between June 12 and June 19, such help 
was requested by the provided to six cities and seven towns. A total of 2,117 iiiiiltary per- 
sonnel were Involved in supplying wacer Co people in areas where normal systems were not 
operative. They were also Instrumental in saving three lives. 

Two factors influenced the need tor evaeuaclon: the danger of e Tsunami and the unaafe con** 
ditions caused by Che earchquake damage. 

A Tsunami warning was issued at 5:21 p.m. on June 12. Tlie actual order to evacuate i.iusi be 
given by a Mayor or head of government. The Seiiuai ;ij>or Jid not order an evacuation tjut 
did issue a warning. Local officials in other coastal communities did Issue evacuation 
orders, and more than 20,000 people moved Inland. The "all dear" was received ac 8:1^ 
p.m. , and chose who had left their hones were permitted to recum. 

Evacuation was necessary to protect people whose homes had been destroyed or judged unsafe 
for habitation. Approximately 70 f ami lies were ordered from their homes in the hill areas 
of Sendal because of continuing danger of landslides* 

fiosl displaced, evacuated individuals and families stayed with relatives and friends. How- 
ever, Che cicy and prefecture response plans provide for che use of schools, hospiCals, and 
other public buildings as shelters. Under extreme conditions, the National Defense force, 
can provide tenta or other types of shelter for transient population. 

LlCCle search-aad-rescue activiCy was associated with the eartliquake. Life-saving measures 
were performed as necessary fay fire and police forces working in che Fire defense Head- 
quarters, established in affected municipalities Inmedlately after the quake. Two apartment 

buildings were involved when their first floors collapsed, and evacuation of the occupants 
of other floors required che assistance of fire departments. The WaCional belf-Lief ease 
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Force aa»lBt«d In locating ths body of a missing person. Xffo other bodies were recovered by 
neighborhood groups • 

The City of Sendal has five rescue teams on alert at all times. When the earthquake occur- 
red and electrical poHer was lost, the traffic signal systen (there are oore than 40U slgnala 
in the city) became inoperative. Major traffic congestion developed at nost intersections, 
jnd arjbuljnces were able to resjiond to only 2 of the more tlian 200 calls for aid. A t >-iitral 
emergency laclllty, where people could obtain medical treataent, waa quickly established in 
Sendai. Hospitals activated an emergency medical information center, which consisted of 
computerised data on doctors, hospital bed space, ambulances, etc. 

On June 25, only h'ri pt-aplt' (in itiree cities and nine towns) remained in shelters. Sites 
used for shelters included school ^nmasiunia , citizens halls, and other public faciiicies. 
Bnergency rations were distributed by volunteer agencies* the Japanese Red Cross was not 
asked to participate in the emergeney-responae or recovery phases of this disaster. 

Because both gas and electricity Were lacking in roany homes, people bought food that did 
not require cooking. Stores received additional quantities of precooked foods from areas 
not affected by the earthquake. Fortunately, most grocery stores and markets in the area 
remained intact, jr.d there was ready access for shopping. Food prices reiaained stable 
despite the heavy demand for particular types of food. Because most homes depend upon gas 
for cocking and heating^ the Sendal Gas Coiapany (public) distributed portable gaa heaters 
for purchase at less than cost. 

More than 300 homes In Sendal were destroyed. Under certain conditions, the local and pre- 
fectural governments may construct prefabricated dwellings for those who lose cheir homes. 

Approximately 70 such dwellings were under construction in Sendal to provide shelter to 

those who did not have other means. 

Neither the City of Sendal nor Miyagi Prefecture attempted to establish or maintain a loca- 
tor service for missing persons. As soon as the radio and television stations resumed ser- 
vice, selected stations set aside an hour each day to broadcast naues and messages. The 
telephone company also liberalized its use of phones to assist victims. 

2.3 REOOMSTRUCTIOM 

New construction in Japan must confora with the Architectural Lav, which contains special 
requirements to mitigate earthquake damage and is administered by the Ministry of Construc- 
tion. Builders must submit plans to prefectural or larger municipal ^governments for review 

and approval before stariin.;, v o;isi rut t iuu. .UiU very few exceptions, buildings destroyed 
or seriously damaged liad been constructed before the law van in effect. 

The Sendai City and Mlyajji Prefecture government formed a kecoost ruction Planning Committee 
to ensure that building replacement and repair will contribute toward safety. Xlie cojiiuitteu 
includes representatives of higher education institutions, cuiiiuercial and business concerns, 
industry, and the architectural profession, i'he iiendai Construction llureau will insure tnat 
new construction in the city meets the requirements of the National ituildlng Code. 

2.4 INSUKANCj: 

2.4.1 Unemployment Insurance 

Although i.umuf acturing firms an J busini-is were hard Lit- ;j> l:u: uarthquak.c, u la^i.e majority 
of those whose jobs were affected were back at work soon after the earthquake, borne manu- 
facturers who were operating on a marginal basis had not reopened at the time of tlte recon- 
naissance; the workers affected were drawing unemployment insurance. 

2.4.2 Earthquake Insurance 

There are at least two types of earthquake insurance available in Japan, tfoth are expen- 
sive. 
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Uiic type ui piuCcctieoi available to a farnera association, covars LOOZ Of th« dAMgA up to 
a Mxima Qt 25|00O,0OO yaa. Laaaar amouata of oovara^a cm ta olitaln«d< 

Th« othar (ntajor) type of aarthqtiaka inauFaaca, la a plan that 1« andoraad and guannCMd by 

the government. This progr.in u;>q Inltlntprf f1vp ypars ago but has nnr irif't wirti t;enera] 
acceptance. WhaL appear to bo major limitations are its high cost and the limiLatioai> un 
coverage. The maximua eoverago tor goods is l.S Billion yen ($7,300), the maximum coverage 
for honea la 2.4 KlllioD yao ($12,000). (Iha avaraga hone in Japan co»C 12 to 20 nllUoo 
yen.) Both city and prafaeture offlelala In Sandal stated they felt that there la a need 
to equalize the program. It was their consensus tliat the insurance progrdin will becouie pop- 
ular if coverage can be increased and rates adjusted. Xtils type of insurance la required of 
thoaa who requaat and raealve low-lntarasc dlsasCet-relief loans* 

2.5 CUNCLLtilUNS 

The 1977 Disaster Countemeasutes Act of Japan, adnlalstered by the national Land Agftaey, 
requires that each level of govemnent have a plan and a conpetent organlaatlon for dealing 

with disasters. The rapid and effective response by all levels of government (national, 
prefeccural, and municipal) Cowards alleviating the affccta of the earthquake was the result 
of a unified. Integrated prograa of disaster preparedoeas and raaponaa. 

The amuuiiL ui recuvery wuck accomplished or under way within two webka aiiter the earthquake 
occurred was inpressive. The speed and efficiency with which a vast amount of work had 
bean parforned vaa noat admirable. Officials raaponslbla for directing operations and 
othera working to aeeo^plleh the mononental task of recovery eidilbtted unusual Industry and 

knowledge about the problems they faced and how to koIvp tliPin. All, without exception, 
devoted their efforts exclusively to serving the needs of the peopie and comounities that 
were adversely affeeted. 
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3. TECTONIC AUD GEOLOGIC SETTING* 



3.1 INTBODDCnOH 

The Mlyagl-ken-ok 1 eirthqiuik. or lur.t 1.', 1978 occurred ia the outer 2:011c of scismi ci Ly iB 
Japan, along the subductlon zone that bounds the east aide of oortheaat Uonshu. This was 
only one of the mny danaglng earthquakes that Japan experiences becauee of Ite active 
tectonic settlnp,, and thr- third in 1978. M-)st of the larger earth lu.ikss are directly 
associated with the subductton zone along which the margin of the weKtward drifting litho- 
aphere under the Pacific Ocean is plunging beneath Japan at a long-term rate of about 10 
cm per year. The area where damage occurred In the June 12 earthquake lies on the east 
coast of northeast Honshu about 300 km north of Tokyo, in a region of low, fiat alluvial 
plains, local alluvial terraces, and steep bedrock terrain of largely noderate relief* 

Tbls chapter describee the Hiyagi-ken-oki earthquake and its setting as hackgrouod for the 

more Jetjiled reports on t!'.e effects of the earthquake. The tectonic setting c: cli.' eartli- 
quake is described, together with the reason that a larger earthquake following the June li 
event was (and atlll is) a serious, although uncertain, possibility' The June earthquake 
and its pattern of aftershocks are described, and this pattern Is used to Illustrate the 
important distinction between epicentral and fault distance in attenuation studies, fin- 
ally, the geology of the affected region is summarized, because of its Influence on the 
distribution, character, and severity of earthquake damage. 

This cfiapter Is based 011 tiie literature (In English) available in Manlo Part:., .-iid ui. inicr- 
mation gained from dlscuiitiioaj» with, and documents and naps provided by, Japanese officials 
and acientists during the author's vlalt to Japan as a U.S. Geological Survey represencaclve 
on the U.S. team in June 1978. The information is necessarily incomplete because only two 
weeks had been available for study of the earthquake by the Japanese at the time of the 
visit to Japan by the U.S. team, and tine rOr discussion .md observation during the vlalt 
was brief. Hore thorough accounts will undoubtedly result from the Japanese studies. 

3.2 TgCTPmC smiMG 

Japan is located along the leading ovorthrust margin of Asia against subducting sea floor 
of the Pacific plate (inset. Figure 3.1). That plate is drifting northuastward toward 
the nearly stationary Asian continent, as recorded over the past 40 nillion years by the 
liawiian chain of volcanoes strung out northwest of the eruptive source now beneath Hawaii. 
The subduction zone beneath northeast Uonshu is marked at the surface by the Japan deep-sea 
trench and associated island arc, one of several extending around the perineter of the 
northwest Pacific (Aleutian, Kurile, Northeast Honshu, lau^Booin, and Mariana area). 

The northeast Honshu arc system consists of a concentric sequence of tectonic elements 
(Figures 3.1 and 3.2): from east to vest, (a) the subducting oceanic plate and deep-sea 
trench, (b) a submerged forearc terrane consisting largely of the Inner— trench slope and 

a broad deep-sea terrace underlain by more than ?- km of Tertiary sediments, (c) tii.: emerg- 
ent frontal arc, (d) a volcanic chain atop the tront of (e) a deforoted backarc geosynciiae, 
and (f ) a beekare baaln. Moat of the are system is underlain by ancient continental base- 

-n<>:'tr, whlrh Is hounded on the unfit and west by thinner oceanic crust, on the cast by the 
Faciiic plate, and on the west Dy the crust of the backarc basin, formed during the early 
Tertiary opening of the sea of Japan. 

This pattern of tectonic features concentric with the Japan trench was established about 25 

mil 'ion vnars a>.',.s wliun tlie Mizuho orogeny began in northeast HlhsIiu with block faulting, 
subsidence, and extensive volcanism west of the Morioka-Shlrakawa tectonic line 
(Figure 3.1}. The Miocene faults broke obliquely across the older north-northwesterly 
trending structure, such as the Tanakura tectonic line (Figure 3.2). The present tectonic 
regime Is a later phase of that orogeny, in which (juarcemary compresslonal deformation 
marked by r.ortheast-treoding reverse faults and overturned folds has supplanted the earlier 
e xt e ns i (uiai regime. 



Prepared by Carl Wcntworth, U>S. Geological Survey, Heolo Park, California 
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Explanation o£ Symbols for Figure 3.1 



N 

A 



Quaeernary sedlaentSt coMisting of allttvitmf terrace deposlCs and lake beds 

Neogene sedlaents and Cenozoic volcanlca, including the extensive Early 
Hiocene green tuff* folded younger sedlaents • and Quaternary volcanice 

Pre— Neogene rocks, Includlni; Paleov.ene -md Mesozolc rocks, metatnorphic 
rocks » and Cretaceous or older pluconlc rocks; exposed rocks as old 
as Silurian are recognised. Abukuata block largely plutonic rocks; 

KitakaT.l block Iarc;c?Iy late Paleosoic and early Masosolc metaaedlBents 

and scactered plutunic masses 

Active volcano 

Morioka-Shlrakawa tectonic line (MSTL, approximate location) and the 
boundary in early Miocene rocks between thick, mainly marine, altered 
tuff (the green tuff) on the west and thin, aialnly terrestrial volcanic 
rocks on the east 

ContarL, dash.ed uttsiiore where location Very approxlnate, dotted along 
llffllcs of Informatioa offshore 

Maior fault, i ; 1 uJlr^g the Ttoigai^/a-f^liii'uoka tectonic ^ Ina (TflTT.) along 

the. wiist niiirgm ot the Foi»ba Magtia zone of deXorinaiiou anti luw topography, 
the Median tectonic line (MTL) of Southwest Japan, and the Tanakura 
tectonic line (TIL). Dashed where approximately located; dotted where 
concealed 

Quaternary fault, longer than 10 km, which offsets or deforras late 
Pliocene or Quaternary deposits 

Arc (inset): A - Aleutian; K Kurile; H - Northeast Honshu; l-B - 
Istt^Bonln; M - Harlana. Teeth on upper plate 
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Figure 3.1 Geologic map of northeast Honshu region and plate tectonic 
setting, compiled from Dickinson (l'*7 '). Geological ' Lirvey 
of Japan (1964)* Xshlwada and Ogawa (1976), laomi (1968), 
Research Group for Quaternary Tectonic Hap of Japan (1969), 
and Yoshlda (1975) . 
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Explanation of Sjmbolo for Flguro 3.2 
Qu Quacernary volcanic rocka 
Q« Quatatnary aadlmenta 

N Naogene aedlnantB and volcanic rocka 

Pa Poleogena aadlmenta 
Hz Mesozolc rocks 

Ps Palaoaoic rocks 

b BaaaiMnt zoeka (pra-Sllurlan) 

a Accratlonary vadga - dafoinad aadlnant praaumably acrapad froa ocaanlc 

plate during aubductlon 

Bnvelcype of selsmlclty along and above top of aubductlng alab, 
frm Figure 3.4 

0 Location of hypoccnter and apparent dip Of focal ttecbanlm for 

June 12, 1978 earthquake 

— Approxlauite extent of June 12 fault rupture In section 
6.1 Seismic velocity In km/a 
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The known reverse fault* In northeast Honshti are short, scattered, and fev relative to the 

numerous Quaternary faults of varied style in central Honshu .nnt! the BOO-ka-lonij strlkt^- 
sllp fault along Che Median tectonic line in southeast Honshu (Matsuda, 1977). Hobc or the 
faults occur along and west of the Morioka-Shirakawa tectonic line and in the Sendal region 
between the Abukuma and Kicakami structural blocks. Soiie of these faults have undergone 
quite recent movement, but apparently none were Involved In the June 12 event* 

Host of the present relief in northeastern Honshu has fomed during this quaternary conpres- 
sional phase of the Hlsuho orogeny. Beginning 1 to 3 million years ago, the average rate of 

the vertical movtinonts that accor.ip 1 Ishod these chani^es Increased tenfold to the order of 1 
to 10 nm/yr (Matsuda, 1976). Concurrently, renewed voicanism built the modern volcanoes 
alined Just vest of the frontal arc. 

Ihis third and current phase of the Mizuho orgeny, following the Initial voicanism and 
development of the backarc geosyncliuij .iud its surjsequcnt breakup and gradual u^iiitt, 
suggests sone change In the subduction regime that drives the system* One possibility is a 
change In subduction rate. Based on study of the ages and positions of volcanoes In the 
Emperor-Hawaiian chain, Shaw, Jackson, and Bargar (1979) suggest that a threefold Increase 
in the rate of west-northuestward drift of the Pacific plate relative to the magma source 
occurred about 1.3 alllios years ago. 

Modern deismlclty indicates that subductive underthrusting continues along the northwest 
Pacific iKlaiid arcs. Thy regularity of great thrust earthquakes in space and time that 
characterizes the Aleutian and Kurile arcs decreases along the northeast Honshu arc, how- 
ever, and such earthquakes appear to be lacking along the Isu-Bonin and Harlana arcs to the 
south. The degree to which the convergence rate of the plates is expruHScd in major throst 
earthquakes also seems to decrease southwestward: in the AieuLiaa arc, probably all the 
plate convergence is accounted for fay faulting associated with major earthquakes, whereas 
only about one fourth is accounted for at the southirastern end of the Kurile arc and alnost 
none at the southern end of the northeast Honshu are (Kanaanri, 1976, 1978). 

Decoupling between the converging plates seens required to permit subduction along the 
Northwest Honshu arc without the crustal strain that produces nsjor earthquakes. This 

decoupling may be associated with the anonulously sinali accretionary wedge found at the 
trench off northeast Honshu by Von Huene, Na^u, and others (1978). ih^y indicated chat the 
volume of sediment brought to the trench atop subducting omsbIc lithosphere in the late 
Cenosoic has far exceeded that now caught in the accretionary wedge. Most of it must have 
been subducted, therefore, either to cause, or aore likely, to result from, decoupling 
between the plates. Tliis lack of close coupling is attributed by Kaaa:i:ori (iy7b) to active 
sinking of the subducting slab away from the Asian continent. By this argument, the sub- 
ducting plate is not only plunging westward beneath Honshu and the Sea of Japan but Is 
bodily sinking, so that the doframard bend beneath the forearc terrane la migrating eastward. 

The Miyagi-ken-oki earthquake occurred beneath the forearc terrane midway between the ends 
of the Northeast Honshu arc Its setting is thus largely independent of the structural 
nodes at the junctions with adjoining arcs in the Tokyo-Fossa Magna region and south of 

iiokkaido. As shown in the i^cheiadtic cross section represunting structure airuss tiu; center 
of the arc system (Figure 3.2), the subduction zone extends westward beneath Che forearc 
terrane at an initial shallow angle of about 3-1/2*. Beneath the forearc bssln, where the 

top of the subducting plate abuts the lower crust of northeast Honshu, the svibductlon ^one 
gradually steepens until, free of the continental crust at about iO km, it extends into the 
mantle at a dip of about 25*. 

The full extent of the subduction zone is best shown by the three-dimensional pattern of 

earthquakes iu the region (Figure 3.3). The eart l^iuakes occur at greater and i;reater depth 
to the west, defining a £enio££ zone that extends westward for more than 1»UUU km beneath 
northeast Honsha and the Sea of Japan at an angle of about 25*. reaching depths greater than 
500 km near the coast of Korea. 

In greater detail (Figures 3.4 and envelope of seismicity in Figure 3.2), microearthquakes 
more precisely define the upper part of the subducting plate* The upper boundary of the 
aubduetlng slab la clearly defined as dipping westward at about 25* beneath northeast 
Honshu, with a second westward-dipping sone of earthquakes within the slab about 40 km 
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Rarchquake hypocenCers beneath Japan for the 
period 1964-1974. Epicenter symbols show depth 
o£ hypocenter, depth contours in kilometers. 
From Coordinating Coomicc^c; on Earthquake 
Prediction (1978). 

iflgure 3.4 Distribution of laicco- 
earthquakes (dots) beneath north- 
east Honshu in vertical, east-v.i^-it 
section in the vicinity of 39-40 
degrees north latitude, and 
subducting oceanic iithosphere. 
Horizontal line above section 
r- 1 re ;<_nrs land, the upright 
triangle the volcanic front » and 
the overturned triangle Che Japan 
Trench. From figure 6 of Takagl 
and othera (1977). 
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beneath the ftnt (Hasegawa and others, 1978, Takagl and others 1977). k zona of high acti- 
vity is also shown above the subduction zone beneath the forearc terrane. Tlie frontal arc 
is Qearly aselsinic, and a shallow zoqc of earthquakes extends westward from the ed^e of the 
frontal are beneath the backare geosyndlne. 

Analysis of the sense of first motions o£ ffideroearthqualces recorded by the northeast nonshu 
seismographlc network has been made by Uasegawa and others (1978) to determine the style 
of faulting associated with the earthquakes* These conpoaite focal-nechanlsn solutions, 
although varied In detail, indicate that thrust faulting with compression nearly perpendicu- 
lar to the trench Is underway at and above the upper boundary of the suhduccing slab, as 
would be e;q>ected from Che plate motions* la contrast, the band of seismicity within Che 
elab involves extension along its dip direction. 

Historic damaging earthquakes alony the northeast Honshu arc totai three groups evident in a 
COOpllation of daaaging earthquakes that have Occurred in and near Japan over the past one 
and a third nillenla (Japan Meterological Agsn^* no date; and Figure 3.5). A modest number 
of great earthquakes have occurred with epicenters near the trench, largely involving 
faulting along the gently dipping part of the subduction ^one. Closer to ishore, uiore numer- 
ous Intermediate-size damaging earthquakes have occurred with epicenters in a band alon^ the 
foreare basin trend. These earthquakes appear to involve faulting along the top of the 
steeper part of the subduction zone. A scattering of generally smaM' r dimaging earthquakes 
has occurred with epicenters uashure, alun^ and west of the Morioka-;:iturakawa tectonic line. 
The frontal arc appears to be nearly free of daaagliig earthquakes, except In the gap between 
the Abukuma and Kitakani highlands near Sendal. 

3.3 SEISMIC GAP AMD PBBCUBaORS 

The Mlyagl-ken-okl earthquake of June 12 occurred adjacent to an area for which there was 

some evidence to suggest a forthcoming major earthquake. Gaps of unct?rr,:^in significance 
existed in the pattern of both major and smaller earthquakes. The foiiowia^ susfflary is 
based on discussions held during the team visit in Japan and on Abe (1977), Coordinating 
Committee on Earthquake Prediction (1978), Mogl (1968), lUnamorl (1976, 1978), and Shimazakl 

(1978). 

The regularity with which great thrust earthquakes have occurred along subduction zones has 
led to the use of gaps in the pattern of fault rupture areas as a basis for identifying 

expectable earthquakes. The focal areas of the earthquakes tend to fill the length of the 
subduction zone with liCCle or no overlap between adjacent events, and gaps in the pattern 
of the aost recent earthquakes tend to be filled In. This regular pattern of repeated 
earthquakes extends around the northwest Pacific as far as Che Junccion between the Kurile 
and Northeast Honshu arcs (Figure 3.6). At Chat junction, interpretation of tsunami data 
suggests that major thrust faulting and associated earthquakes occurred In 1677, 1763, 1656, 
and 1968, or about every hundred years. 

The latest earthquake In that sequence, the Tokachl-oki earthquake of 1968 (Figures 3.5 and 
3.6), is also the southwestemmost in the latest round of great earthquakes along the Kurile 
arc. Bast of the Kitakani block (or Sanriku region), the repeat history of major earth- 
quakes seems less regular. And farther south, between latitude 36° and 38° N east of the 
Abukuma block, the 1938 Shioya-oki series of five large earthquakes (three thrust, two 
normal) seems to have been the only major earthquake event in at least the past 800 years. 
The transition along the Northeast Honshu arc from regular behavior of great thrust earth- 
quakes at the north to almost no najor earthquakes at the south complicates the application 
of seismic gap theory to the region east of Sendal. It Is not clear whether or when the on- 
going subduction Involves sufficient straining of the lithosphere to produce major earth- 
quakes. 

The last major subductlon-zone faulting east of the Kitakami block between latitude 38" and 
40°N occurred in 1896-1897, when the focal areas of ttie 1896 Sanriku and associated large 
earthquakes extended from within che focal area o£ Che 1968 Tokachi-oki earthquake aouthward 
to about 36*. Only three earlier najor earthquakes are known from the arva~in 869, 1611, 
and 1677 — although the historic record is incompler: . I'hus the regular, hundred-year repe- 
tition of major earthquakes Chat characterizes Che southwest Kurile arc does not persiaC 
south of about 40'. If strain has been accunulatlag since the Sanriku earthquakes of the 



19 






1 

DATE 


\ 




\ % \, %^ 

\ \ \ \ 


\ 


>«.o 


e 


oon A 


r-/ 
V 


T.S-7.9 


e 


O O □ A 


^1 


tO-7.4 


e 


0 O □ A 


V ' 




• 


O O 0 A 






Figure 3.5 Historic damaging earthquakes In chc northeast Honshu 
region. Compiled from 1:2,000,000 map. Disastrous 
Earthquakes in and near Japan, covering the period 599 

to 1975. Older hiLCoric data are inconp ! ptti . Age classes 
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quekee throughout map area. 
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figure 3.6 Source areas of recent major earchquakes along 
the subductlon zone off Japan, with date and 

magnitude, and potential great earthquake at 
latitude 38. From Coordinating Committee on 
Earthquake Predictloti (1978) . 
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late 1890*s, it has yet to be relieved by major thrust earthquakes. The role of the 1933 

Sanrlku earthquake Is not clear. Apparently it was not a subduction-zyne thrust event, Uit 
rather the product of aormal faulting within the oceanic plate along a steeply west~dipping 
plase that extended through the oceanic crust* 

Many large earthquakes seem to be preceded, fur a period ol years, by a lack ot smaller 
earthquakes in the epicentral region. The absence of small earthquakes in the forearc 
terrene between about 37' and 39" (Figure 3.3) for a period of at lease tea years amounts to 
such a gap in selsmlcity. This reinforces the uncertain suggestion from the pattern of 
major earthquakes that the region east of Miyagi may be about due for another major earth- 
quake (Figure 3.6). Because the Mlyagi-ken-okl earthquake of June 12 occurred adjacent to, 
but not within, this gap, a major earthquake may yet occur in the gap. 

Particularly because of the seisnic gap, other indications oi the ianiineace ot a large 
earthquake have becta of intttcest. Spirit leveling had demonstrated an eastward tilt of the 
land opposite the gap* Imc no sbort-t«r» pimcursors were recognized prior to the June 12 
earthquake. Abundant data from the seismic network of Tohofcu University showed no clear 

change In seismic velocities. Similarly, no indications of imminent earthquakes were evi- 
dent from the extensooeters and tlltmeters that are pact of each station in that network. 

Comparisons of measurements along two e^st-west level lines run by the Geographical Survey 
Institute that end at Scadai and Kamaisi show relative downward tilt to the t^ast oi 2 to 5 
cni between the center of the island and the east coast In a 7-to-8-year period beginning in 
19 b6. The tilt is greater at Sendai than farther north, an additional 3 cm of decline at 
Sendal nay be related to withdrawal of ground water. Detailed tidal records in the area 
showed no evident changes with a resolution of a few centimeters witiiin hours after the main 
shock of June 12, so that little or no coastal uplift accoopanled that earthquake* 

3.4 MltACI'KEM-tMa EARTHQUAKE OF JUME 12 

The magnitude 7.4 Mlyagi-ken-okl earthquake occurred on June 12, 1976 at 5:14 PM local time, 
with its hypocenter at a depth of 30 km at latitude SS.a'M longitude 142. 2°£ (National 
Research Center for Disaster Prevention, 1978b). It followed hf about 4 months a magnitude 

6.7 eartlicjuake that occtirred 65 kn: to the north (latitude 38.7*N', longitude 142. 2'E) at a 
depth of bO km (National Research Center for Disaster Prevention, 1978a). The February 20 
earthquake had a pattern of afterehoiSka distinct from that of the June 12 earthquake 
(Figure 3.7) and therefore was not simply a foreshock of the larger earthquake. The main 
June 12 shock was preceded by one foreshock a few minutes earlier, and was followed by many 
aftershocks, which were recorded by the seismographic network of Tohoku University 
(Figure 3.8). Figure 3.9 shows the hypocenter of the main shock and aftershocks through 
the first 7 hours (A) and aftershocks for the first 10 days following the main shock (B). 

A local-mechanisia solution for the main shock, using worldwide data, indicat.es thrust move- 
ment along a preferred plane dipping to the west-northwest at 20' (Figure 3.10, Utsuka and 
others, 1978). Figure 3.2 shows this solution at the appropriate depth and position rela- 
tive to the trench and volcanic front. Within the crude accuracy limits of the schematic 
cross section, the focal plane lies at the top of the subducting oceanic slab. 

The aftershock pattern supports and extends this sssociatlon. The two aftershock patterns 

of Figvire 3.9 are nearly Identical, indicating relative stability through time, and suggest 
mainshock rupture on a west-dipping plane that extends to a depth of about 3U km. The 
aftershock pattern of Figure 3.9B lies entirely vitblo Che equlvaleDt pattern of Figure 3*4, 
at and above the top of the subducting slab. 

The extent of the fault rupture zone can be estimated from the early aftershock pattern 
(Figure 3.9A). In the dip direction, it extends from at or somewhat above the mainshock 
hypocenter to a depth of about 50 km (Figure 3.2). This represents a fault width (or down- 
dip dimension of the focal area) of about 70 km, down which the rupture propagated from 
the up-dip hypocenter location. The lower end of the fault rupture is here estimated from 
the depth of the aftershocks* whereas the upper end is estimated from the relative positions 
of the oaiasbock epicenter aad the eastern end of the aftershock pattern. The strike length 
of the af terehodc pattern, although less well eonatraloed than the east-west direction 
because of Its position offshore of the seismic network, suggests a rupture-zone length of 
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Figure 3.7 Epicenters of the earthquakes of February 20 and 
June 12, 1978 and principal aftershocks. From 
Coordinating Conmittca on Earthquaks Pradiction (1978). 



Figure 3«8 Numbers of aftershocks of the June 12 earthquake 

through time. Arrow shows tine o£ largest aftershock. 
From Coordinating Comittaa on Earthqualc* Fredietion (1978) . 
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About 50 kB. TliMW 4imiulonB ar« alailar to the focal dlnensions reported by Kobayaebl and 
others (1978), a faolt vldth of 80 ka aad a length of 30 ka. 

The June 12 earthquake thus occurred along the subductlon boundary where it steepens before ; 
extending to depth in the mantle. Inasnich as the focal area of the earthquake lies west of 
the selamlc gap (Figure 3.6), the faulting did not encroach upon the area of unrelieved 

strain suggested by the c-^P- The locations of thu Juiie 12 ea r tln^judkc and the earlier 
earthquake in February raised the puutiiblllty that they were precursors ot a larger earth- 
quake that would fill the gap. On June 16 several earthquakes as large as oiagnitude 5.9 
did occur In the gap area (Figure 3.7). The aftershock train of the June 12 earthquake 
decayed rapidly, however, perturbed only by one aftershock soioewhat larger than magnitude b 
and an associated increase in activity on June 14 (Figure 3.8}. 

3.5 LOCATION OF ENERGY SOU RCE 

The location of the source of seismic energy is an important parameter in studies of the 
attenuation of seismic shaking. The earthquake cpiconter la oounonly used as an approxina* 
tlon of this location, largely because eplcentral locationa are available for oost modem 
earthquakes. Despite the convenience, however, measurement of attenuation dlscances frott the 

epicenter of an earthquake can be highly misleading, as iuplied by Page and others (1972) in 
their discussion of peak acceleration and described by Youd and Perkins (li^7tt) in their 
discoeslon of liquefaction. 

Strike-slip rupture, lor cxaaiple, can pu&a close to a site ot interest, even where tlie ct>i- 
eenter of the associated earthquake is far distant. This difference can be accommodated bf 
using the shortest distance to the rupture trace rather than the longer eplcentral distance. 
In the reverse faulting at San Fernando, California in 1971, the epicenter lay far north of 

the damage area in tlie S.m Fernando Valley- The l:u-llned ru()tLire surfafe extended to the 

ground surface within the damage area, however, so that distances to the nearby fault could 
be readily measured. 

Ihe fault rupture surface in the Miyagi-ken-okl earthquake of June 12 ia less obvious, 
because the epicenter is offshore and the damage area on land lies in the down-dip direction 
of the inclined rupture surface. The epicenter of this earthquake is about 115 km east of 
the city of Sendal. The dotm^ip extent of the early aftershock pattern, however, lies 6U 
km west of the raalnshock epicenter at a depth of about 50 km benoatii i he Oslka Peninsula 
(Figure 3.9A). Ii these early aftershocks delineate the ctainshock rupture surface, at> is 
probable, then the faulting reached within about 75 km of Sendai in three dimensions and 
within 55 km in plan view. 

3.6 GEOLOCY OP THE DAMAGE BECION 

Host of the damage resulting from the June 12 earthquake occurred within the Hiyagi region 

(shown in pure 3.11), which consists of a broad central lowland bounded east and west by 
low mountains. To a considerable extent, the distriUition and character of the daraat^e were 
related to the geology of the region (see, for example, chapters 5 through 9 of this 
volume). The following discussion is compiled largely from the sources of Figures 3.11, 
3.12, and 3.13 and Table 3.1, and discussions during the team visit in Japan, including 
information provided ty H. Nakagawa (written comoHinicatioo, 1978). 

The broad central lowland, in which much of the damage occurred, consists of low bedrock 

hills and extensive alluvial plains. It is bounded east and west by north-t rendln^ .>)iincaiii 
ranges and on the southeast by Sendai Bay. Bedrock in the region consists of granitic and 
low-grade metamorphic basement, exposed almost exclusively in the southern kltakami block, 
and Che northern tip of the Abukuma block, and a complex sequence of Miocene and i^Iiocene 
volcanic rocks and nonmarlne to marine clastic rocks that overlie basement In the gap 
between the two highlands In the Sendai-Ishinomakl area, l.'est ^j^ tiic liorloka-iihirakawa 
tectonic line, similar rocks are capped by Quaternary volcanoes. Upiiit of the region dur- 
ing i^iaternary time placed the Pliocene rocfcs Well above sea level and raised the AbuKuma 
and Kltakaml blocks even further. Concurrent oscillation of sea level, as the world's gla- 
ciers waxed and waned, produced a sequence of coastal and river terraces that is well repre- 
sented In Ll>e vicinity of Sendai. llie alluvial plains of tlie central lowland repreaent the 
youngest deposits in the region, formed during recovery of sea level front the last al^^cial 
maximum 18,000 years ago. 
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Explanation for Figure 3.11 
Qa Quaternftry alluvltm 
Qt Quacemary terrace deposits 

Qv Quaternary volcanic rocks 

Tp Pliocene sedimentary and volcanic rocks 

tm Miocene sadlnentary and volcanic rocks 

pK pre-lfeogene basement rocks: slate, sandstone, and schist 

■ Rlf u-Nagamachi tectonic line; dotted where concealed 

— ■40'-- Contour on late Pleistocene erosion surface beneath alluvium; 
contour interval 20 m, sea-Ievel datum 

— , — Limit, of bedrock information 
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Figure 3.11 Geology of the Mlyagi re^Jon. See Figure 1.1 for location. 

Compiled from 1:200, 000-scale topographic maps published by 
the Geological Survey Institute of Japan, Geologic Map of 
Mlyagi Prefecture at 1:200,000, Geological Survey o£ Japan 
(1968) and Hase (1967) . 
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Explanation for iiguit J. 12 

Qp Quaternary peat; in part overlaps alluvial tan deposits 

Qa Quaternary alluvium; nuch silt and clay, coaraer along rivers 

Qaf Quaternary alluvial fan deposits; sand and gravel 

Qt Quaternary terrace deposits; sand and gravel; numbered 1 to 4 with 

Increasing age 

Tp Pliocene sedimentary and volcanic rocks 

Tm Miocene sedimentary and volcanic rocks 

—20 — Contour on late Pleistocene surface buried by Quaternary alluvium; 
contour Interval 10 m, sea-level datum 

10 - Selected topographic contours, in meters 

, . . Boundary of area of artfTlrlal cut and fill, superimposed on 

geology; hachurfs on Inside 
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Figure 3.12 Geologic map of the Seadai area, ueology enlarged and 
generalized froa discordant sources: Geologic Hap of 
Niyagl Prefecture at 1:200,000, Geological Survey of 
Japan (1968), Kase (1967), and Shlbata (1962). Base from 
1 :25,000-scals topographic nap. See Figure 3.11 for 
location. 
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Figure 3.13 Cross section of surflclal geology across Sendal 

terrace and coastal plain. Compiled from Hase 
(1967), Geological Survey of Japan (1968), and 
l:SO,000-scale topographic nap. See Figure 3.11 
for location. 
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Tabla 3.1 



SLraLl^caphlt. 5t-LiIon In the Sendal KeMiuu 
(writC«a eoamaicMtion, 1978) oad ShibaCa (1962) 

Quaternazy alluYlun: Baadt gravel* and clay 
— UHOOMFOSMITT— 

Alluvial terrace deposits: sand and gravel 

— UNCONFORNIXX— 

Pliocene Sendal Croup 

Ualneojl Formacion - 28U m, shallow marine: sandstone, uich alltstoae, tuff, and 
lignite 

Hukaly^m^ Formation - IHO m, nonn;9rlno sandatolM,: tuff and eonglomarata With a 

4- Lo ib-m tutt (Hlrosegawa) near the base 

--UNCONfORMlIY— 

Tatsunokuchl Foraatlon - 300 m, narlne: sandatooa and coaglonarata, alltstona, 
and tuff 

Kaneoka FonoatloQ " 100 m, nonaarina to bracklah: aandstoae and alltatooe, 

conglomerate, tuff, and lignite 
Mitaka Aadeslte - 200 m: lava and sonie aggluiaerate 

--ONCOMFORMirY— 

Hiocena Shlrasaw^ Kornatrlon - 20IJ m, lacuBtrinc; tuff, aandatODB, BlltBtooa^ and eonglo- 

inerate, with a 120-01 tuff near the inlddla 

--UNCONFORMITY-' 

Natorl Group 

Yunoto luff - 100 b: daclte tuff, puiralce boulders 
Sayaaa Toff - 50 m rhyolitlc tuff 

Tsunakl Fonatlon - 47S a, narlne: sandatoiae, tuff breccia, and alltatona and 

cuff 

Hacate Formation - 200 n, narlne; aandstone, slltstona, and tuff 
Honlwa Formation - 73 m, marine: aandstone and conglomerate, calcareous 
Takadate Formation (or Andeslte) - 123 m: andeslte, agglomerate, some rhyollte 
Tsuklnokl Formation - 13 m, noamarlne 

—UNCONPORMITY-- 

Cretaceous Bascraent rocks of the l^'aleozoic h'arlyaml Formation (elate and schist), the Xrl- 
and older asslc Rlfu Formatlfm (slate and sandstone), and Cretaeeoiaa granitic rocks • 
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Uplands throughoue the region are eroded Into Intricate, steep-sided ridges, but differences 

In altitude and relief and in the exLcnL of ulluviated lowland diatlnguish three north- 
trending topograpiiic belLfe. (1) On the cast, facing the sea, the southern end of the Kita- 
kanl block stands 200 to 500 m above sea level, with most slopes ladlned between 30 and 
SO percent* (2) West of this bulwark, across the south-flowing Kitakaml River that narks 
Its western edge, extend the alluvial plains and intervening areas of low, steep-sided hills 
that form the Kitakami lowland. The heads of the east-trending flood plains on the north- 
west and Che inland edge of the coastal plain facing Sendai Bay on the southwest oark the 
western limit of this central belt* (3) The lowland is bounded on the west by hills that 
are nearly everywhere higher than 200 m. Southwest of Scndai, however, a wedge of lower, 
steep-sided hills extends northward off the end of the Abukuroa block. At the north«ra ttnd 
of this wedge, Che hills bordcrink/ l ie Sendal terrace have valley walls eooBonly no staeper 
than 20 to 30 percent and a local relief generally less than 100 a* 

Iht^ 'ioiith end of t hf Klt ik.jmi block consists largely of hard, fractured slate and bedded 
sandstone of Trlassic and Jurassic age that very locally contain Cretaceous granitic 
introsions. Natural exposures seen nearly absent except along the coast, but the con- 

filstantly steep slopes of this topographic belt bear only a very Chin soll aantle over 
bedrock where observed in quarries and road cuts. 

Host of the bedrock exposed in the region (Table 3*1) accumulated daring Neogane Ciaa in a 

structural low In the Sendal region that crosses the frontal are between the persistently 
('in<_' rj'ciit AbuKun.i and Kitakami blocks. The north-northwest trend of the boundaries of tliis 
gap suggests that it was controlled by pre-Mlzuho basement structure* Andesitic to rhyo- 
llClc volcanlsa associated with Che Hisuho orogeny extended through the Neogene, producing 
various flows, agglomerates, tuff hrot rlis. and abundant t',:ffs. Sviperimposed on the spora- 
dic eruption and erosion of these volcanic rocks was a sequence of three marine transgres- 
sions froa Che southeast and the accunulation of associdted terreist rl.il to marine clastic 
sequences, separated by intervals of erosion* The United areal distribution of individual 
volcanic units, erosion between tiaes of accunulation, fades changes, and onlap relations 
of the transgressive sequences all coablne to produce a coaplicated arrangenenC of geologic 



The Quaternary deposits in t5ic region, on which much of the earthquake datnage occurred, 
consist of extensive young alluvial deposits In the lowlands and a sequence of late Pleis- 
tocene terrace deposits* The terrace deposits occur along the upper reaches of the east- 
flowing rivers near Che aargin of the western highland and in the Sendai area, where they 
underlie parts of the city. 

The old part of Sendai City was built on the complex Sendal terrace, which consists largely 
of sand and gravel some 5 to 7 n thick overlying Neogene bedrock (Figure 3.12). These sedi- 
ments are slightly consolidated, and yield K values nf 20 to 6^ C'ritnynEhi ind cthcn, 
1978). Recent growth of the city led to expansion into the adjacent hills, where higher 
terrace deposits as well as Neogene bedrock were encounCered, and eastward onto the Uolocene 
coastal plain. 

The alluvial sediments of the St r.d.i 1 coastal plain and the other plains of the central low- 
land bury a late Pleistocene topography that consists of river valleys, flanking terraces, 
and divides (Figures 3.11 and 3.13)* At the coastline, the bottoas of these valleys lie 60 

to 90 n he'ow leve'l; tiny.' cytcnr! upstrea-n 'i[ y rriximate ly along the courses of the present 

surface drainage. From ishiaoffiaki., a deep, turitd gorge extends northwestward for more than 
10 kra. North of Matsushlma Bay, bedrock is 20 to 40 a dmep along the Yoshida River for 
nearly 10 ka above its Junction with the Naruse River, and farther north, the paleo-Naruse 
valley beneath the center of the Osaki plain 30 km fron the coast is still 40 m below sea 
level. In contrast, the valleys buried beneath the Sendai plain shallow rather abruptly 
from 30 to 60 m to less than 10 m below sea level within 6 Co d km of the coast, near the 
Rifu^Nagamachl techtonic line* 

The late i'ieiscocene topography was buried by alluvium in the past 18,000 years as the con- 
tinental ice sheets of the last glaclatlon melted and sea level rose more than 100 m to its 
present position. The rise in sea level proceeded about an order of magnitude faster than 
the average rate of Quaternary upllfc In Che region, so thac the rivers draining the uplands 
to the west and norch found cheir progress gradually blocked by Che rising sea* This caused 
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their sediment load to be deposited aloa;; their lower reaches, resulting In an effective 
drowning of the late PleisLocene topography that. Lett ujjiaad Isiaiids ami headlands iiooded 
In a sea of alluvium. Along the outer side of the Kltakami block, Che Intricate drowned 
coasclloe aisleadingly auggests najor tectonic depression of the block. 

Aa sea level rose, gravel and sand began to accumulate witliin tlie deep channels, and near 
the coast^ ultimately filled chem. Then, toward the aiiddle of the Uolocene, a central clay 
sone that ranges Iron 5 to 35 m thick vas deposited across aost of the alluvial terrane. 
Finally, a sand unit 10 to 20 m chick and an overlying sequence of clay and sand of similar 
chickness were deposited. This generalized alluvial section varies in detail from place to 
place in the central lowland. It closely represents the section beneath the Sendai plain, 
except that the central clay zone is limited to the shoreward part of the plain (Figure 
3.13)* The Osakl plain tends to lack the sHallcw sand nnit» whereas in the Ishinomskl area 
the surface section Is doalnancly sand, giving way to thick clay sections in the eastern 
embayments. 

The uppermost part of the alluvial section consists of an intricate assemblage of sediment 
types produced as the rivers migrated about on the aggrading plain. Under such circumstan- 
ces, broad ribbons of channel sand and gravel are left as the rivers change their position 
froa tine to time, finer sand and silt are deposited In flanking natural levees in time of 
flood, and organic silt end clay accumulate in the intervening baeknarsh areas. Low ridges 
of beach sand fcrx .iion.[; the shore. The i^odiment is soft and water-satoratedt because it 

Is young and the water table is very shaiiow. 

The surface of the alluvial deposits is quite flat, and is still crossed by the several 
rivers responsible for depositing the sediment. Uhere not used for housing, niuch of the 

alluvl.il surface is covered with rice pajdies. Surface ^.colo,.;ic riap;iiii;' d is t in,;u ishes the 
four facics described: active and abandoned river cliannels, levees, Interveaia^ backmarsh 
peats and silts, and coastal beach sands (H. Hakagawa, oral communication, 1978). N values 

ranRe from 1 to 10 ir. the Ishlnoraakl region, and to 20 otl the Sondal plain. Frc'iuont flood- 
ing ot the rivers has led to the construction ot many dikus, surae ut which were damaged lu 
the June 12th earthquake. 
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4. STRONGHOTION RSCORDS AND DATA* 



4.1 INTRODUCTION 

In Japan, several goversnent agencies are responsible tor independent networks of strong- 
notion ioacruflienta located throughout the country. Anong the larger of these accelerograph 
networks are those operated by the following agendest 

Railwajr Techoieal Research Institute (RTRI)» Japanese National Railways 

Strong Earthquake Motion Ubservatlon Center, Earthquake Research instituts (i^Kl), 
University of Tokyo 

Fort and Harbor Research Institute (PHRI), Ministry of Transport 

International Institute of Selsnology and Earthquake bngiueerlng, Qullding Research 
Institute (BRI), Ministry of Construction 

Public Works Research Insitituto (PWRl), Ministry of Construction 

Other organizations with Interest in strong-mot ton recording include: 

National Research Institute of Agricultural £ngineering» Ministry of Agriculture and 

Forestry 

Nippon Telegraph and Telephone Public Corporation 
Japan Building Center Foundation (JBC) 

The Strong-Motion Barthqudce Observation Council was established In 1967 within the National 

Rpsparrh Centpr for D■f^.^?I^pr Prpvpntlon fNRf^nP) nf rhr- Sctf^nrp .ird Tr-rhnnlofv \yenry . 
Records recovered froir. particuiar earthquake':, by Che various gover;u;ei.L a^^eticiea are mado 
available to the public in the council's "Prompt Report" publication, which describes the 
records, gives peak accelerations and epiceatral distances, and contains copies of sobk of 
the more interesting records. These and other earthquake records are published in the 
council's annual report. The agencies responsible for the accelorograph networks also 
report on digitization and analysis of the records collected by them tlmt they consider 
significant. 

4.2 THE SMAC ACCELEROGRAPil 

The SMAC strong-notion accelerograph in its various versions has been the nain Japanese 
etreng^Botion recording Instrunent since its developnent between 1951 and 1953 by the 

Japanese Coranlttce for the St<indar.J Strong Motion Ar i-.e 1 i:ro^'ra|:.h . In its nnrliest forni (the 
SMAC-A), it consisted of a set of three mechanical ottcii iaLurta which, thrau|^h a series of 
linkages, scribed analog traces on a waxed-paper record chat was driven past the rocording 
pens at Icm/sec by a hand-wound spring motor. The natural period of the transducer was 0.1 
sec (frequency, 10 cps), and critical damping was provided with an air piston mechanism. A 
sens:ttvity of 2') ya]/nrn (f.e., 25 cm/sec per mm), co r re i-undlng to approximately Acm/g, 
was arranged tor in the mechanical linkage and allowed recording of accelerations of Ig 
anpliewte wlthont the pens moving off-scale. Some of the modela developed after the SMAC-A 
are listed with their importaat characteristics in the following table. 



* Prepared by A. Gerald Brady, U.S. Geological Survey, Menio Park, California. 
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Dancing 

(fraction 
of critical) 



Natural 

period 
(sec) 



Sensieivity 
<c»/8) 



Recording 

speed 
(cm/sec) 



Approximate 
Number 



SMAC-A 

SMAC-B 

SMi\C-B2 

SHAC-C 

SNAC-0 

SMAC-E2 

SHAC-q 



1.0 

1.0 
1.0 
1.0 
1.0 

0.60 
0.60 



0.1 

0.1 

0.14 

0.1 

0.05 

0.05 

0.05 



4.0 
A.O 

8.0 
4.0 
1.0 

1.0 
0.5 



1.0 
1.0 

1.0 

1.0 

O.S 

0.Z5 

0.5 



33 
90 
240 
U 
21 
45 

n 



The last column Indicates the dlatrlbatlon of the various nodels la 1975 obtained Cron the 
response Co a questionnaire fron the author while at the Inteniatlonal Selsnologleal Centra 

in Edinburgh. An additional 400 strong motion instruments were not Inchuied Ir. this 
response and the total in March of 1974 was actually about 850 (Kuribayashi and others, 
1977). By Hareh of 1978 the number of SMAC^type inseroments installed throughout Japan in 

structures or at ground IpvpI li i l mnnliod 1200 (Iwaskai and others, 1978). Addittonal 
instrumentation, for example elect ron»aj^netic recorders, and special downhoie systems are 
not Included. 

It is important to note fron this table that the najority of the Instrunents of the SMAC 
type that iri" irn'rUtcl in Japan at this time have frequency-response clia racter istlcs that 
are different from the most common modern United States instruments that record on /O-taa 
or 7''ln. film. In particular, the 5MAC response at frequencies higher than 7 cps (for 
the SMAC-B2) or 10 cps (for the Sl-IAC-A, -B, and -C) has been designed to be tnuch less than 
we are used to seeing with United States instruments such as the SHA-1 or RFX-230. A 
glance at recording's from these earlier SHAG Inatrunents conflm this lack of high* 
frequency content. 

Anotner feature of the records made by SMAC-type instruiicnts is that the pens draw arc- 
shaped curves that have constant radius wnich are obvious in the higher-aiq>litude motions. 
Although peak accelerations can be scaled off without requiring Significant correction. It 
is evident that after digitising a record with high amplitudes correction procedures must 
be adopted to handle this instrumental behavior before arriving at true time histories. 

Recent developments in Japanese instrunentation have included higher natural frequencies (in 
the SHAC'^D, -E2 , and -Q Instruments), the use of movlng-coll electromagnetic transducers 

(in the TRS acre lerot'.raph developed by the F.irthqu.ike Resistant Structures Laboratory, 
Port aad Ilarhur Research Inscicutej, and recording oa analog majiaetic tape (iu tlie bilAC-M 
Instrument). Ttie two 1 n^i i ruiients in the Engineering; liuilding at Tohoku University, which 
recorded 240 gal (240 cm/sec*^, or 0.24g) and 980 gaX (lg> at ground level and at the 
9th floor, respectively, are SKAC-M Inatrunents operated by the Building Kesearch Institute* 

4.3 ACCELEKATION RECORDS AT GRQUNO LEV£L 

Figure 4.1 shows the northern part of Japan and the locations of the strong-motion accelero- 
graph stations that provided ground level, basement, or free-field records of the June 12, 
1978, earthquake. The codes for the stations are indicated (for example, Til02u) and their 
pertinent characteristics have been obtained from National Kesearch Center for Disaster 
Prevention (1976) and are reproduced in Table 4.1. In addition to the records shown on the 

mrsp, there oy:int fil additional records taken at bancT.cnt , f 1 rfjt-f loor, or ground level, 
mostly in Tokyo or its vicinity. Of these 61 records, the highest peak acceleration is 
0.04Sg at an eplcentral distance of 305 km. 

The epicenter was provided by the Japan Meteorological Agency (JMA) and published by the 

National Research Center for Dlsasster Prevention, (1978). We have chosen to uso these 
epicenter coordinates, namely, 38"09'N, and 142°13'£, in the sections of this report that 
discuss the epicenter and eplcentral dlatances. 

Figure 4.1 also shows the peak accelerations recorded at ground level, or at the basement 
of first-floor level in structures. The cities ot Sendal and Miyako each have more than 
one recording. Each set of the three numbers shown gives the peak acceleration recorded 
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TH020 Aomori 
21,21,9 (F) 



TH006 Akita 'O 
25,23,13 (F) 



TH0I5 Yuhei Br 
25,34,13 (F) 





TH029 Hachinohe 
65,60,31 (F) 



TH032 Mazaki Br" 
104,75,30 

TH009 Miyako 
80,92,90 
TH0I4 Miyako 
150,113,47 (F) 



TH0I9 Ofunoto 
126,170,61 (F) 



40* 



TH033 Shiogama 
266,288,166 <F) 



TH030 Tohoku Univ' 

240,190 , 150 

TH038 Sumitomo 
253,227,120 

TH0I8 Sendai KokutetSU 
438,238, 100 



TH0I6 Kaihoku Br 
200,294,113 (F) 



Epicenter 
June 12 , 1978 



0 
L 



100 KM 
I 



LL 

138' 




TH02I Taira Br 
75,88, 38 (F) 



TH0I3 Onahama 
48,50,21 {F) 



KTOO 



125 



Tokai 
. 30 



Ibaraki 

J 
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140" 



142" 



Figure 4.1 



Locations of stations providing ground level, basement, or 
free-field records of the June 12, 197B .art . quake, i'eak 
values in the two horizontal and the vertical directions are 
given in cn/sec/sec. An (F) following these values indicates 
an approximate free-field station. 
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In two perpendicular horizontal directions and in the vertical direction. For nost ground- 
level stations the two horizontal directions referred to are north-south and east-west, in 
that order, whereas the instruments at the lowest level of a structure are generally aligned 
In the loagicu linal and transverse directions of the structure and acceleration values are 
reported in that order. The acceleration units used are cn/sec^, comonly called a ^al. 
Conversion to g units is simply, if slightly inaccurately, accomplished dividing by 
1,000. An (F) following the acceleration levels indicates that the recording could be con- 
sidered a free-field recording, although it must be realized that any instruneatai housing 
disturbs the true free-field notion. 

The section on seismicity iudieaLeii Lliat, although the epicentral distance to Sendai is 
about 110 km to 115 km, it might bo inferred from the aftershock pattern that the main shock 
rupture plane actually reached a point within about 73 km of Sendai, measured in three diiaen- 
slons, or within a distance of 55 km, measured in plan. Such a conclusion would play a sig- 
nificant part in studies of the attenuation of peak accelerations for this earthquake, par- 
ticularly for chose stations within latitude 37.3° and 38.3° north that lie approximately due 
west of both the epicenter and the closest point on the rupture plane. Other stations on the 
east coast would not be affected because, for each of thciic, the epicentral distance is 
approximately equal to the distance to the closest point of the inferred rupture surface. 

To illustrate this point in rather elementary fashion. Figure 4.2 shows the peak horizontal 
accelerations for three groups of ground-level records plotted against epicentral distance. 

A distinction is made between stations on the coast in a generally northern direct iov from 
the epicenter, those generally to the west, and those on the coast to the southwest. A 
curve labelled "Attenuation to the north" passes through the first group to the north and 
is a satisfactory approximation for the points of the third group* thoae to the southwest. 
Accelerations for the records lying to the west arc lii^hcr than this curve would indicate, 
but cm inovin,; the points so that their plotted distance is the distance in plan, to the 
nearest point of the rupture, 60 km to the west of the indicated epicenter, a better fit 
is possible to an extrapolated attenuation curve. This curve only shews Che trend of peak 
accelerations attenuating with distance - the scatter is evident and Its explanation In 
Individual cases will have to wait for detailed study. 

4.4 IhTEMSIIIfiS 

Intensities for earthquflktjs in Japan are prepared by the JMA from information received at 
their headquarters from observational stations throughout the country. Like their Modified 
Mercalll equivalents used in the United States, JMA intensities are generally expressed In 
Roman numerals, but in the tables and figures of this report we have used Arabic nusnrals 

for clarity in their presentation. 

A brief description of the JMA intensity levels is given In Table 4.2. A conqiarison of these 
descriptions with those of the Modified Herealli Intensity Scale (Wood and Newman, 1931), the 

standard intensity scale in use in the UnitcJ States, allows an appro >;ii,ia to translation from 
JMA to MMI values. Considerable engineerinij judgment rggaiding the dyuajiic bchwivior ji the 
various buildings and other structures in both cultures would be required for such a coroparl— 
aon to be accurate and useful. One possible comparison is shown in the following (Trifunac 
& Brady, 1975). 



JMA 


0 


1 


2 






3 


6 


7 


MMI 


1 


2 3 


4 


3 


6 


7 8 


9 10 


11 12 



Figure 4.3 is a highly idealized isoseismal map constructed from the plotted JM.i intensities 
at specific locations. The indicated elongation of the isoseismals in the north-south dire- 
tion Is controlled by the locations of the lines as they pass over the land area, where 

observations are possible. Dashed lines across the Sea of Japan serve only to c :mcct the 
two portions of the several isoseismals. No attempt is made to estimate the locations in 
the Pacific Ocean to the east. 

The boundary between JMA 4 and S is reasonably well constrained to the north and west but 

s;o tn r'lir- nouth. The other Isoseismals are more arbitrarily chosen. If a circular 
area were approximated to the JMA 3 region, its center would lie close, in plan, to the 
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Figure 4.3 Isoeelemal map for the June 12, 1978 eartliquake. 
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Table 4.2 JMA Intensity Scale 
0: Not f«lC. Shocks too weak to be felt by humans and registered only t>y seii>i.K>graphs. 

1: Slight. Extremely feeble shocks felt only by persons at rest, or by those who are 

observant of earthquakes. 

2: Weak. Shocks felt by aost persons; slight shaking of doors and Japanese latticed 
sliding doors (shojl). 

3: Rather strong. Slight shaking of houses and buildings, rattling of doors and shojl, 
•iflnglng of banging objects like electric laaps, and noving of liquids in vessels. 

4: Strong. Strong shaking of houses and buildings, overturning of unstable objects, and 
spilling of liquids out of vessels. 

St Very strong. Cracks la sidemlks, overturning of gravestones and stone lanterns* etc.; 
danage to ehiameys and md and plaster warehouses. 

6 I Disastrous. Demolition of houses, but of less that 30% of the total, landslides, 
fissures in the ground. 

7: Very disastrous. Demolition of more than 30Z of the total nuttber Of houses, intense 
landslides, large fissures in the ground and faults. 



westerncnosc down-dip end or the Interred rupture 
dence to the conclusioa that for this earthquake 
face to the nearest point of the rupture surface 
and related studies * 

4.5 BBOOBDS FKOH STRUCTURES 



surface mentioned above. This lends cre- 
the distance from points on Che ground sur- 
is the distance of iiiportance in attenuation 



The Prompt Keport (NRCDP, 1978) llstH 191 strong motion records of the earthquake at epic<!n- 
tr.^l distances ranping from 80 km (THOlb - Raihoku Uridgu) to almosL bUO km, and includes 

records from 46 multl-instrumeated structures such as buildings, bridges, and dans. About 
100 of these records are fron nulti-lnstruaented buildings in the Tokyo area, at eplcentral 

distances between 355 and 370 km. Although ground level accelerations here are low, sooe 

structural records have peaks of lU percent g. 

A selection of 22 Instruaented strsetures are listed in Tables 4*3 to 4.6 with their iostru- 
nent locations and peak accelerations at the various levels. Table 4.3 lists two low-rise 

buildings with less than six stories. Table 4.4 lists five medium height buildings between 
six and fifteen stories. Table 4.5 lists nin high-rise buildings with more than 13 stories, 
and Table 4.6 lists five bridges and a dam. All structures Included in the tables have an 

associated ground level or basement record, and SOM of these have been Included in Table 4.1 

in the earlier section on ground lavel recordt>. 

The lists Include the nanes, addresses and coordinates of the stations. Buildings are 
described by the nunber of stories above and below ground, while bridges, and the dan, have 

their length and width listed. The Instrun^nt locations In the buildings are Indicated by 
Story, including basement and penthouse or root. For the bridges and dam the ground level 
recording station is usually off to one side of the structure on firm ground, while the 
Structural recording station is usually on a pier cap, effectively at deck height. The peak 
accelerations at the listed instrument locations are given In cm/sec/sec (or gals) in groups 
of three - two horizontal and vertical component. Although the horizontal components are 
often listed as N-S and C-W in Japanese literature, these component names may actually be 
translated to mean the longitudinal and transverse axes of the recorder, and therefore also 
the longitudinal and transverse directions of the structure. 
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The investigating team iiispecLtd three of the structures uu these lists: the faculty of 
En/;lneering Building at Tohoku University, Araaiakl, Sendal, described In a later sectlOD of 
this chapter; ttic SuoiCono Sendai Building, Chuodorl, Sendai, described In Che chapter oa 
earthquake perfornancA of buildings; and the Kalhoku Bridge, Inai, lahtnraakl* described In 
danaga to tranaportation structures. 

A. 6 A Comparison wltii ttiG Recorded kesulcs of the San Fernando earthquake, 1971 . 

An overall compariiion, irom an engineering viewpoint, of the recorded strong-motion data from 
the San Fernando, 1971, and Hlyagl-fcen-oltl, 1978, aarthquakea can taa baaed on the follonlng 
Infornaclon* 

1. The San Fernando magnitude was fj.A with a focus at a depth of 13 km, the rupture propaga- 
ting to the surface at the northern edge of the large metropolitan area ot the city of 
Loe Angeles and Ita surrounding cities and coaununltles. The tall buiUings of the cit; 
lie between 21 and 50 kit from the epicenter. 

The Miyagi-ken-oki magnitude was 7. A with a focus at a depth of 30 km, the rupture 
probably travelling deeper but at a shallow angle towards the netropolltan area of Sen- 
dai. The aftershock pattern indicates that the rupture on the fault possibly approached 

as f.loso a.s 7S km to Sendai. T!ie hl>?h rise balldin^^s of Tokyo are 350 fai and nore fros 
the epicenter and front the nearest part of the fault rupture. 

2. The closest recording to the San Fernando epicenter waa at Pacoiisa Dan, at 8 km, or 4 km 

from the surface faulting, where the topography is extremely complicated. 

The closest recording to the Miyagi-ken-oki epicenter was the ground level iostruoent at 
Kaihoko Bridge at 80 ka> The closest distance to the rupture, at depth, however, is 
closer to 60 ka and this distance in plan Is 20 ka. The peak acceleration recorded here 

was 0.29g. 

3. At San Fernando, the next closest record vas a 7*atoiy building, the Holiday inn at 8244 
Orfon, Los Angeles, with ground level accelerations of 0.27g. 

At Miyagi-ken-oki Che two buildings with cooipiete instrumentation, that is at least two 
recorders including the lowest level of the structure, are at eplcentral distances of 115 

km, which reduce to 75 km to tho nearest fault rupture, or 55 km In plan. Peak accelera^ 
tions at ground level range up to u.25g. Hona of these buildings, in either earthquake, 
suffered any severe structural damage; minor cracks in coluvas was the extent of the 
observed daiaage to structural neabera. 

4. A total of 35 buildings higher than six stories produced complete sets of records from 
the San Fernando event at eplcentral distances fron 24 to 50 km, and ground accelerations 
ranging froa 0.26g down to 0.04g. Minor cracking of structural aeiabers and extensive 
damage to nonstructural coqponents were conaon* 

The Miyaki-ken-oki event produced no further sets of records from tall buildings until 
the Tokyo area waa reached, at eplcentral distances of 340 to 370 ka where acceleration 
aaplitudes were .03g and less. 

5. Recordings sutticient to give a useful engineering iadlcacion of ground accelerations and 
associated structural perforaance exiat for San Fernando at eplcentral distances froa 20 
ka out to 75 ka* 

The sane type of Information for Miyagi-ken-oki ran^jes in distance frora 80 km (reduced to 
60 km, see above) out to about 200 km. Structures involved here are bridges, with ground 
level and pier cap accelerations, and various harbor installations* 

6. The San Fernando records have been the basis tor a large number of eugiaeer itiy and seis- 
aological studies, particularly, of course, the digitized versions of the records. Even 
now, there are still coaplete sets of building records that could be analyzed to study 
particular building behavior. 
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4.7 Toliokii Un ive rsity. KuKlnt^t^i'tn^ Bulldtrig 

Tohoku UnivoriiiLy is situated in the northwest part of Sandai, in the district of Arainaki, an 
area of hills and steep terrala. The Engineering Ball41ng Is a reinforced concrete franed 
structure and is biiilc on a reasonably fiat area, but • Steep cliff frills off close to the 
rear of the building. Figuru 4.4 is a photograph of the central 9-story tower and also shows 
the two lower levels which cover a larger plan area. A floor plan and two elevations are 
Shown in Figure 4.5. I've SMAC-H Instruiaents are installed in Che building, at ground level 
(there Is no basement), and at the 9th floor level. They are on the sane vertical line* 
arjainst an exrnri.-r wall of the central tower, as shown in Figure 4.5. These Instruuents 
record on Fll analog tape, and functioned correctly during the earthquake. 

The analog tape recordings vere recovered and analyzed by the Building Research InstituCe* 
which was responsible for the instruments. After analog-to-dlgital conversion, a conputer 

analysis was posslhio. and was compl.'tud within seven days (Watabe, 1978)* The following 
figures are reproduced from the preliminary work. 

Fit^uru 4.6 showa a 25-sei: portion of tiio rtii!ord irum th. round level instrument, after A/D 
conversion. The peak, horizontal .iccelerations are 24G .iin- i90 cn/sec/sec, and the peak ver- 
tical acceleration is 150 cm/sec/sec, as Indicated In Table 4.1. Figure 4.7 shows a similar 

plot of the 9ch floor record peak values of 980» 4«0, and 300 cm/sec/sec (Table 4.4). A 
preliminary analysis of the high-amplitude oscillations In the horizontal directions at this 

level indicate that the corresponding dispiacoments arc approximately 10 in (25.4 cca). This 
is consistent with the damage in the interior of the building, (discussed in Chapter 3), and 
indicates the building was approaching the structural damage state. 

Figures 4.8, 4.9 and 4.10 show the correction .procedures applied to the three ground level 
conponcnts. Acceli-rntlon velocity and displacenent are plotted. Figures 4.11, 4.12, and 
4.13 show spectral analyses pcrforined on these records. The analyses include absolute accel- 
eration response, relative velocity rusponsu, relative dlsplaceaeat response, and pseudo 
velocity response, the last being plotted in the tripartite 3-way response spectrum style. 

4.8 Tracings of Records 

Trjcini:s of sections of the reccrls f roin 30:21- of Che cl.)ser stations are included. Figure 
is the ''rutnid level rocor<l ctti the ijrenuses of j!iio,;<ima harbor Office, site ^o. lii03J , 
witli peak values scaling off at 26b, 288 and 166 cra/scc/sec. The arc-shaped curves drawn by 
the hinged arms are clearly evident on the high-amplitude excursions. Figure 4.15 shows the 
ijronnd level recorci for site N'u. T:iOl9, Llie lireakw.iLer of Ofuii,^L(j Harbor, with peak values 
of 126, 17u and 61 cia/sec/sec. Iht anplicudes here are suf f i.- ieiil ly higli in a few instances 
to show tlieir arc-slia])ed character. Figure 4.16 shows Llie first baseuont record at tlie J.'JU 
building at Sendai. The peak US reading of 438 cm/sec/sec is the highest ground level ampli- 
tude in the city. The building has six stories, but no record was recovered from the station 
at tlio sixth floor. Consequently it is difficult to analyze this basement record and to 
ascertain the extent of the iiiLeractioa between building and ground. 
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Figure 4.6 Three components, after analog-to-digital 

conversion, at 1st floor level. Engineering 
Building. 




Figure 4.7 Three components at 9th floor level, 
Engineering Building. 
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5. EARTHQUAKE PERFQiMAllCE OP BUILDIMGS* 

5.1 IntrodMctton 

As shown In Che aerial photograph in Figure 3.1 and in Figure 5.2, Sendai is a large modern 
eicy< It is the centar for conmeree and Industry for Mlyagl Prefecture. Many buildings In 
the city r:it> be considered to be modern highrlses, in excess of five to six stories. In 
particular, the downtown center of the city has a multitude of modern buildings in the 10- to 
20-story r.iagc. The :iup in Figure 5.3 shows the iietropolltaa Stodal area; Table S>1 identi- 
fies the points of interests on the loap. 

The U.S. Lua- arrived in Sendai June 23rd, 11 days ,ifCer the earthquake. Th.e first Impres- 
sion upon entering the city was that a significant earthquake liad lujt even occurred. This 
was due In part to the speed with which the Japanese authorities had responded to the disas- 
ter* Evidences of damage that would have otheiwlse impeded the normal operations of the city 
had already been cleared away* Upon closer Inspection, minor facade damage became obvious 
(Figures 5.'*, 5.5, 5.6, and 5.7. This sort of dar.iaf;e waa not widespread by any means and 
ouoerous modern buildings did not show any damage to their architectural veneers or glaring* 
It wae reported that many chimneys and stacks had collapaed or were severely damaged (e.g. , 
Figures 5.8 through S.IO). 

As the Investigation proceeded^ it became obvious that numerous pockets of damage existed 
throughout the city. These apparently are correlated to the local geological and soil condi- 
tions, discussed in Chapter 3. Soil conditions In the downtotfn Sendai area (Figure S.3, 

within 2 km N and W of the railway station) generally are quite i^nt)d. Many highrlses in this 
area have raft foundations and are situated on a gravel-type soli. The area to the west and 
south of the Hlrose river are stable terrace deposits. However, the area to the east of the 

railroad and to the south of Japan National Highway 45 Is a former af?r{ cul tural area. The 
underlying soil is a young alluvial deposit, and froo an engineering point of view, tne soil 
conditions are quite poor. 

This chapter begins with an overview of seismic engineering and construction practices In 

.Japan. This will be folKiwed by a discussion of Investigations of con-ercla! .an! ret.u 1 
establishioencs, schools, apartment buildings, and single family residences. Industrial 
facilities ate covered in Chapter 6. 

5.2 SelsEiic Engineering aad Consti-uctiua ir^ctice 

The general seismic design philosophy In Japan is that it la not economleally feasible to 
provide complete protection against all earthquakes. Prevention of loss of life Is the over- 
riding concern. Thus, the de.si.;n criteria are ained at preveniin;; strnc:tur,il da iiav:e and 
mlnlaU.zlng damage due to moderate earthquakes, and avoiding collapse or serious structural 
damage due to severe, infrequent earthquakes. 

The Japan Building Code governs the design of buildings and related structures sucii as chim- 
neys and elevTted water towers. The method of seis..ic coetticieiti is siailar in concept to 
the U.S. equivalent lateral force method recommended by the Uniform fiuilding Code (1!>7(>) and 
other standards* It is still eonmonly used in Japan, particularly for buildings five stories 
and less in height, but it Is recognized as being unsuitable fur many flexible Structures* 
Dynaiaic analyses are required for buildings over five stories in height- 
There arc « number of general guidelines and requirementSa which are discussed in further 
detail in Refs. 5*1 - 5.4. Pot example seismic calculations are required In buildings of 
more than 100 m floor area used lOr schools, hospitals, and places of public assembly, and 
in structures having more than two stories or 200 m floor area. No buildings with total 
floor areas exceeding 3000 m^ can be wood, nor can buildings in excess of 13 m in height 
be wood or unrelnfcu red stone» brick or concrete block masonry, or concrete. There are 
additional detailing requirements that depend on the construction material. 



* Prepared by Bruce eilingwood. Center for Building Technology, National Uureau of Standards, 

Washington, D.C. 
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Figure 5.1 View of the downtown area of Sendal (Toheku Electric 
Power Company photograph). 
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Figure 5i3 Map oC Seiidai City, showing major landmarks 

and situs ol danuiged structures. See J able 3.1 
for Identification 
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Tablfl 5*1 ' Nmlwrad altu in Flguves 5.3 and 6,1 



!• Sendal railway atatlon 

2. Sacond government building 

3. 77 Bank building 

4. Sumitomo Insurance Building 

5. Japan NaClondl Railway buil4iag 

6. Haroyosbi building 

7. Oblsan building 

8. Klnoshita building 
9< Karuhon building 

10. Ya^akl Industries 

11. Taiyo Fisheries Plant 

12. Paloina Sendai building 

13. Tonan High School 

14. Haronamachl Gaa Plant 

15. Cement plant 

16. Hi rose Bashi Bridge 

17. Tohoku Institute ot Technology 

18. Aoba Castle 

19. Tohoku University 

20. Sendal Substation, Tohoku Electric Paver Conpany 

21. Izumi City High School 

22. Yurlage Bridge 

23. Abukutfia Bridge 

24. New Sendai Power Plant, Tohoku Kiectric Power Company 

25. Tohoku Oil COMpaoyt Ltd. cefinexy 

26. Ono Bridge 

27. Kimaxuica Bridge 

28. Eaigawa Railway bridge 

29. Kaihoku Bridge 

30. Tenno Bridge 

31. Ilnogava Bridge 

32. Yanalzu Bridge 

33. Toyoma Ohashl Bridge 
3A . Haiya Ohaahi Bridge 

35. Kln-no Bridge 

36. Kltakaral Ohashl Bridge 

37. Sendal Ohashl Bridge 

38. Sunny Oelghts Apartoent building 
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Figure 5.6 Second Eastern Building Company Building, Sendai. A 
typical modern building in Sendai; the only apparant 
damage to the glazed tile veneer on the exterior was 
cracking on spandrels and shear walls. 

Figure 5.7 Second Eastern Building Company Building. Closeup of exterior 
wall. 
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The seismic base shear V is calculated by nultlplylng the sum of dead and a portion of the 

live load by a seismic coefficient k that is cilculated the product of a staadard seisoic 
coefficient k^, a site seistnicity coefficient and a soil and building type coefficient. 

Coefficient kj^ is determined from a map, and takes into account the intensity and fre- 
quency of earthquakes anticipated for the location. For Sendai and environs, k. ■ 0.9. 
Coefficient k, accounts for the characteristics of the ground at the site and the probable 
node of behavior of the building. The product of k|^k2 la In no case taken as lass than 0*5. 

This procedure is sunaarlsed as follows: 

V - kU 

U « Dead plus a portion of live toad 
k - k^k^kj 

k^ - standard seismic coefficient 

- 0.2 for heights lusy Liian 16iii 

• 0.2 -t- (h-16) for heights greater than 16ii 

■ 0.3 for wood structures on soft ground (alluvion greater 
than 30iD thick, reclaimed marshes, etc) 

k2 ■ Site seismletty coefficient (nap provided) 

k2 " Soil and building coefficient 

Values of k2 

Rock Wood Steel rt/C Masuiiry 

Sand-Gravel 0.6 0.6 0.8 1.0 

Sandy Clay 0.6 0.8 0.9 1.0 

Note that k^ varies with the height of the building; however, building period does not enter 
the selsnic force equation explicitly. 

The Japaa Buildinji Code ^ercaits Che aiiowabie stresses to be increased by a factor of 100 
percent for earthquake, while most standards in the U.S. permit only 33 percent Increase. 
However, U.S. standards (e.g.. Uniform Building Code, 1976 Edition) do not Include live load 
in detaralning V, except for varehouse and storage occupandea. The basic force coefficient 
k^ Is larger than the factor C in the (Jnifora Building Code, to which it Is analogous. 

OnreiOfOTced masonry buildings are generally two stories or less In height. A riiinforced 
concrete collar bean nust be provided at the top of each story wall, and the height- thickness 
ratio of walls oust be less than 15. 

Earthquake resistance of wooden buildings is generally provided by specifying miaiauiD lengths 
of walls and diagonal bracing. The Jepanese Building Code requires a minimum length of wall 

or a framework with diagonal bracing for wooden buildings over ^0 ir, floor area and two or 
more stories in height. The required bracing or length of wall depends on the floor area. 
Bracing must be provided for horizontal floor diaphragms also. These requirements result In 
a structural frame that is stiffer than those found in single family dwellings in the U.S. 

Earthquake resistance in st.'el buildings is provided either through the use of moment- 
resisting frarnen or through diagonal bracing. When braces are used as earthquake resisting 
- elements, it is nornal practice to design them so as to carry all of the horisontal force. 
An exaiiple of such a structure Is a steel franed furniture warehouse on the outskirts of 
Sendai shown in Figure S.ll. There were many examples where the bracing members buckled 
under stress reversal or the connections failed. A number of the transverse dia^oal braces 
used In this warehouse sheared at their bolted cross connections (Figure 3.12). 
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Figure 5.12 Detail of failure in transverse 
diagonal braces. 
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Many nodern histiTific inilltltngs in Scndat hava steel frames, and iheae 8«oerally parforned 

vpry wt»ll diirtnr^ rho earthquake. One exriraple Is rhp "ipnd;!! Serond Govemmtint Htilldlng In 
ths downtown area (No. 2 In Klgvire i.ij, a l7-Brory Brrnpturo built In (flguraa b.li 

and 3.14.) The taulldins la altuatod on a raft foundation, whara th« nndprjylng aoli cundl<> 
tlona are good. The frame vaa designed by dynamic analyaia for a naxlmum bast aeealaratlon 
of 0.2 g. The building la Instrumented with strong motion aecelaromacora at the 15th floor 
and second h'l'it'ncnr It^vHls, and a downhole ar vi oi below grade. The building suffered vir- 
tually no damage, although there was some minor diagonal cracking In the concrete acalrwelis 
leading to the baaenent. 

A number of changes were made to the Japan Building Code in 1971, many ot which relate to the 
d«aign of reinforced concrete buildings. While the standard aelsndc coefficient rem.iined 
0*2, requirements for mlniaaim spacing of column ties becama mora atriogant In the 1971 edi- 
tion. In the pre-1971 code, the maxlmun tie spacing In normal weight concrete columoa was 
300 mm or 15 times the diameter oi t he in.i i n rci nl nrrpinont; in the new rndp, the maximum spac- 
ing permitted la 100 nm. The olnlfflum allowable bar cover Is iU mm. Section A.b.b.i ot ACl 
Standard 318-77 (Bef. 5.7) and Chapter 11 of Ref. 5.6 have almilar reqairemanta that limit 

vprMciI sp,Trin(^ nf tfoR in roltimnf; fn i in (100 mm) at 1 or.nf 1 rjn« nhiivf :inA hf' ] ou b<-nm-oo lunin 
connections. Undeforoed reinforcing bars ware comnonly used in Japan until about iU years 
age. The 1971 Japan Building Code requirea the uae of deformed bars, however. 

Numerous aodern buildings in Japan, particularly those between six and fifteen storlea, uae 

the SRC (Steel and Reinforced Concrete) aysiini, i :i wliitli tho reinforcement Is provided by 
embedded steel shapes in conjunction with conventional reinforcing bars. The fire resisCaace 
and safety against buckling are high, while the the cross sectional dlmensiona of the atruc- 

tural infT.bers oan be nndc r^T.allcr Cl;an In conventional reinforced concrete structures. The 
sy:,teu;, iti i-;ulLe ducLiic. Itie duiai t uPjo lusucauce iiuiidiu^ in dowutowii aendai (i\o. 4 in 
Figure J. 3) is an example of such a stracture (Figures 5.15 - 5.17). This is a modern 18- 
story SRC building with continuous reinforced concrete shear walla around the elevator core 
and on the outside trmsvetae walls. The interior shear walls around the elevator core and 

some of the construction Joints in Llie siairwells and nonstructural partition;; showed minor 
diagonal cracking. However^ the main structural elements are believed to be undamaged. It 
was reported that after the February 1978 earthquake, the Sumitomo Insurance building had 
dlaronal cracking In Sfcondarv walls and that after the June earthquaip, rhpse had become 
mute extensive. Viuratioa LcbLt. cuiujucted before and after the February earthquake showed 
that Che fundamental frequency decreased from 1.2 11% to 1.0 llz due to cracking. The struc- 
tural daoqilog also increased. The Sumitomo Insurance Building had atrong motion instrumen- 
tation In the 2nd baaement, the 9th and 18th floors (see Chapter 4). Peak accelerations of 
0.26 g <2nd baaement) and 0*56 g (18th floor) were recorded during the June 12 earthquake. 

The 77 Bank Building la located in downtown Seodal not far from the train atatlon (Ko. 3 in 

Figure 5.3). An exterior elevation and a floor plan are shown in Figures 5.18 and 5.19. 
The hasements and first thren stories are SKC, while the remainder has a steel frame. Like 
many of the hl^h-rlses in the main area of the city, it has a raft foundation. As shown in 
the plan, the building baa an eccentrically located elevator core, surrounded with rein- 
forced concrete shear walls. A quick walk^through inspection revealed no signs of damage 
to interior columns, their stucco panel facing, or the marble veneer in lower story corri- 
dors. The building was completed in 197 7 (hence its name), and was designed according to 
the 1971 aelamlc code. 

5 . 3 C omciercial and Retail t^stabl i ahments 

The map of Sendal in Figure 5.3 shows a shaded area east of the railroad tracks and south of 
Japan National Highway 45. Until about 10 years ago, this was an agricultural >area that was 

Plainly rice paddies. The water table is known to be quite blph and, from an engineering 
point of view, the soil conditions are poor. There are numerous buildings in the two- to 
four-story ranf;e which arc used for saall business, retail, and other commercial establish- 
ments. These buildings typically have a ground-story used to display merchandiae with large 
open areas and few walls. The upper floors are used for offices and for storage. This type 
of buildinr; layout creates a structure in which walls are not placed symmetrically with 
respect Co the center of the structure and in wlilch the first-story lateral force-resisting 
elements are relatively flexible when cooqiared with the upper portions of the structure. 
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Figure 5.15 Sumlcono lasurance Building, Sendal* plan view. 

The building lias continuous shear walls arottlkd 
the elevator core atid on the transverse 
outside vails. 
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Figure 5.16 Sumitomo Insurance Building. 
Exterior Elevation 



Figure 5.17 Sumitomo Insurance Building. 

Detail of exterior shear wall. 
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In this general area, referred to aa Oroshieho, numerous bulldlncs suffered extensive damage 

and tlicrc were several reinforced eoiierele SLrutLures wlilcli Lollapicd. Itic laLicc wmc all 
III the two tu four-story rdii^^e. Most of the buildiiiv:s iu this ^irea were reported to be 
built on pile louiidac Ions , althoui^ri no particulars for specific bulldlnii^^ wer.^ in>ta1r.od. The 
collapsed reinforced concrete structures were all designed and built in the laiddle li^bu's 
prior to the adoption of the 1971 seismic building code. 

There were no acceleration records obcained in chlsi area, riowever, ehak.inj^ in the airec- 
tlon apparently was stronger than in the £-W direction, at least In the area visited, since 
most of the damage observed to buildings resulted from strong motion in the direction* 

There was extensive evidence of ground settleiaent in the Oroahiciio area, ineliKlitiK ,sctt Ici-icut 
of asphaltic conccete sidewalks and slumping around building foundation wails, as in l-igurifs 



Maruyoshi Building (No. 6, Figure 5.3) . This was a three-story reinforced concrete franii' 
building, one span hy three, with the long axis of the huilding running In the K-W di rei :^j,on. 
There was a 2 m overhang on the north side of the structure (Figure 5.22). The wail shown 
at the west end was continuous from the second- story on up. The building had a flexible 
first-story. The building suffered extensive damage to the first-story (Figure !}.2J) and, 
as shown in Flgur« 5.24 was tilting toward th« north. I'hs first story columas un t.ha south 
side of the building failed in shear due to the strong N^S motlORt A detail of the beao- 
column joint where the second-story floor beam frames into the first-story column is shown 
in Figure 5.25. Column ties appeared to be spaced at about 300 mm. The shear wall on tlie 
west end of the structure appeared to be undamaged. Unfortunately, this causcc :i ■ struc- 
ture to behave as an inverted penduiuo and caused the first-story columns to accept even mure 
shear. Note the use of the undeforned bare in the bean-coluaxi Joint (Figure 5«25)< 

The building was being demolished at the time it was vittlted. 

Oblaan Building (No» 7, Figure 5»3) . TlUa was a three-story reinforced concrt<ce frame build- 
ing with one span In each direction (Figure S.26). The portion of the bulldiag which overhung 

the column line by about 2 tn contained a heav>' stairwell. There were no openings In the over- 
hanging part of the building, which added to the eccentric mass. Coupled with the strong HS 
motion, this caused a failure in torsion as the columns at the west end of the building were 

unable to withstand the 'nrrrs resulting from the large eccentric mass. Figures 5.27 and 
5.28 show the Obisan Building after the earthquake viewed fro;u the north and south, respec- 
tively. It may be observed that the vipper stories rotated almost as a rigid body when tne 
first floor columns failed. The first-story of the building had been used as a display area, 
and was completely open. A detail of the SE column is shown In Figure 5.29 and in the plan. 
As shown in Figure 5.30, the first floor support bea^ns were practically restitig on tne ground 
at the west end of the building. The walls above the tirst-scory suiiered extensive cracking 
during the earthquake, but remained intact (Figure S.31). The reinforcing bars that can be 
seen are undeformed. 

Kinoshita Building (No. 8, Figure 5.3) . This three-story reinforced concrete frame Duiiding, 
two spans by six, had its main axis in the U-H direction. As shown in Figure 3.32, there was 
extensive diagonal cracking on the east face. The first floor on the west side of the build- 
ing. Figure 5.33, was used as a showroom. Lnlike the backside of the building, where the 
columns were stiffened by spandrels, the columns on tlie west side were relatively flexible, 
and there ajipeared to be very little damage on ttiat side of the building. The brick, facing 
on the west side remsined intact. The interior columns on the east side of the building 
showed large shear cracks and buckling of exposed undeformed bars. A reinforced masonry par- 
tition wail also failed here. It is apparent that most of the seismic force was attracted to 
the relatively stilf east side of the building, in addition, there appeared to oe s i^nit icaut 
settlement of about 100 - ISO mm in the interior of the building on tlie east side. This, 
along with the relative stiffness of the east face, would explain the diagonal cracking pat- 
tern observed on the east face as well as cracking patterns observed in columns and panels. 
Failures of this sort were also observed following the Hligata earthquake (Okamoto, 1973). 

Maruhon Build ing (No. 9, Figure 5.3). This sijc-story reinforced concrete frame building is 

located one block of west of the Kinoshita Building. There was a construction gap of approxi- 
mately 30 0101 between the two parts of the building and no evidence of puundiut^. Itiere is 



5.20. and 5.21. 
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Figure 3.22 Plan view of Maruyoshl Building, Oroshicho area. Uote 
overhang to Che north. 
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Figure 5.26 Plan and coLum details of Oblsan Building, Orosliicho ar«a. 
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Oblsan Building, viewed from the North. This three story 
reinforced concrete frame building had a heavy eccentric stairwell 
canCilevered over the column line at the right end of the building. 



Obisan Building, viewed from the south. The upper stories rotated 
as a rigid body when the first floor column support was lost. 
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Figure 5.32 Kinoshlta Building, Oroshiclio area, of Sendai. Extensive 

diagonal cracking was observed on the east face (rear) of the 
building . 



Figure 5.33 Klnoshita Building. The brick facing on the west side of the 
structure showed little sign of damage. 
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extensive diagonal cracking in the panels between wiodou openings on both east (Figure S.34) 
and west faces (Figure 5.35); this damage is especially severe on Che west face* as shown In 

the detail in Figure ^.36. The decorative ceramic brick facing on the north side of the 
building did not appear to be damaged* 

Despite t)»e lc%'cl of JaLiia,L;c in ttic- OracVLlc'io are-j, n.iny buildings performed q'.iftp well. As 
an example, Figure 3. J/ illustrates a ->-stury building which was only slightly damaged. Ho 
details abottt Its constcoetlon are knovn. 

Yazaki Industries (No. 10, Figure 5.3) . Figure 5.38 shows portions of the three Tazaki 
buildln?,s. The buildln,,; on rlu^ left has a steel fraoe with diagonal braci i,- used as a ware- 
house* The middle building (tilted) has a four story reinforced concrete fraoe, i spaas by 
5t triiich was used es an office ballding. It was built around 1970. The design acceleration 
was 0.2 g. The two-story building on the right, a steel frame coepleted in 1973* was used 
as a showroom. The buildings are aligned in the N-S direction. 

The strong N-S conponent of the earthquake caused shear failures in the first story concrete 
columns in the middle building and a collapse at the ground story, causing the entire build- 
ing to t ilt north. This racku 1 the two-story steel frame buildirij; forward, caasiiii; extensive 
damage to the steel frame and popping glass panes froB showroom windows. The area of Impact 
between the two buildings is shown in Figures 5.39 and 5.40 and 5*4l. Figure 5.42 shows a 
detail of the beam-column Joint at the top of the first-story column on the east side of the 
middle building. The column shear failure extended up into the beam. A detail of the column 
on thr northe.ist corr.pr iif the niddle building in Figure 5.43 shows the gross vert ical dis- 
placement and badly distorted bars in the columns. Unlike the other collapsed buildlnj^s in the 
Oroshlcho are% deformed reinforcing bars were used in the Yazaki building. The building ser- 
vice systems between the two impacted buildings were damaged. 

The steel frame warehouse behind the collapsed building (Figure 5.38) did not appear to be 
damaged* The warehouse contained numerous heavy tubular steel frame storage racks with 
diagonal braces, as shown In Figure 5.44. The storage racks stand approximately 7 m in 

height and are anchort'd to the concrete floor by being bo I tod or welded to steel plates in 
the floor. Although none of the racks had collapsed* the bottom diagonal braces appeared to 
have buckled on several racks, as shown in Figure 5.45. 

On aa adjaceat site Co the south oi Dm warelioubt; , there aiu twu iive-story reinforced con- 
crete frame apartment buildin s with shear walls oriented in the N-S direction. There was no 
apparent damage to either of these iiulldlngs* one of which is shown in Figure 5.46. 

P.iloma Buildlns (No. 12, Figure 5.3) . This reinforced concrete frame structure faced north 
and was located on Japan National Highway 45. It was a three-story rectangular building, two 
spans by three, with a sliear wall on the west end of the building. The first floor was used 
for display, and had a large open area on the north and east side of the first floor. The 
main axis of the building ran In the E-W direction. Figures 5.4 and 5.48 show the Paloma 
Buildinf, viewed from the east loliowia^; the earthquake. Failure occurred in the columns at 
this end of the building, causing the building to tilt toward the east, ttowever, the shear 
wall at the west end of the building was also badly damaged (Figures 5.49 and 5*50). It is 
likely that the c-ccentricity caused by t]\c presence of the shear wall on only one end Of the 
building caused a torsional mode ot iaiiure for the structure. 

The eicposed reinforcing bars in the columns were undeformed. The columns at the east end 
measured SCO mm by 500 mm. The column ties were 9 mm In diameter and were spaced at 300 mm, 

at least whore the reinforcing, was expe.std. There was ler.s than 25 mm concrete eover for the 
reinforcing bars in may instances. We were Informed that this building was completed in 
1963, making it one of the oldest buildings Investigated. 

Taiyo Fisheries Plant (No. 11, Figure 5.3) . This was a three-story huiiding with a rein- 
forced concrete frame, one span by five, the main axis of which was in ti.e N-S direction. 
There were shear walls on the north and south ends of the structure. As shown in Figures 
5.51 end 5.52, the first-story columns in the middle of the building failed, causing the 
central portion of the building to collapse but leaving tlie ends standing. The shear wallM 
at the north end of the structure (running in the £-W direction) were badly cracked. At the 
time the elte was visited, the building was being demolished* 
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Figure 5.34 Maruhon Building, Oroshicho area, showing .shear cracking In the 
panels on tl>e east face between window openings. 



Figure 5.35 Maruhon Building, west face, showing cracking of curtain 
wall panels. 
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Figure 5.36 Maruhon Building, west face. Detail of the damage to 
panels between windows. 




Figure 5.37 A 8lig,htly damaged 9 story 
building in the Oroshicho 
area of Sendal. 
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Figure 5.38 



Yazaki Industries Buildings, viewed from the northeast, Oroshicho 
area. Portions of three Yazaki buildings are shown. Failure of 
the reinforced concrete middle building caused it to rack forward 
against the front steel structure. 



Figure 5.39 Yazaki Industries Building, viewed from the east. 
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Figure 5.44 Yazakt Industries warehouse 
building. A number of 
multi-level tubular steel 
storage racks had damaged 
transverse braces at ground 
level. 



Yazakl Industries warehouse. Detail of diagonal 
brace at bottom of stfirage rack. 
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Figure 5.46 Apartment building adjacent to Yazaki Industries warehouse 
building to the south. The building was undamaged. 



Figure 5.47 Paloma Building - Viewed from the east. Collapse occurred at 
the east end of the building. 
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Faloma Building, detail ol shear wall on west 
end of building. 



Taiyo Fisheries Plant, viewed from the west. The 
first story columns In the center portion of the 
building failed, leaving the ends of the building 
standing. (Japan National Land Agency photograph) 





Figure 5.52 Talyo Fisheries Plant, viewed from the northeast. The 

reinforced concrete shear wall on the north end was badly 
damaged . 
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5.4 Schools 

Four schools and university campuseb were visited: (1) loiiaa High School (two buildings), 
(2) Izumi Prel'eciural High School (four bulldlnga)* (3) Tohoku Uolversity, and (4) Xohoku 
Institute of Technology (cwo buildings)* As may be seen froa the map in Figure 5.3, chese 
facilities arc spread out over the Sendal metropolitan area, and they represent only a snail 
precentage of the total number of school buildings* 

Tonan High School (No. 13, Figure 5.3) . This was a three-Story reinforced concrete frsae 

buildiiu' orif-ntvc, in N-Li fiirection with shear walls in the B-W direction* The school was 

built abuut 12. yuara aiio uaing the prc-1971 code. 

The school is located on the east side of the city where the soil conditions are relativaly 
poor* The east side of the ballding sits on a sinall bluff approxinuitely 6 ■ in height* This 
nay have amplified the ground action at the site. The school was badly danaged by the earth^ 
quake and has been closed. 

The west face elevation and the school yard are shown In Figures 5.53 and 5.5A. The exterior 
first-story columns were all severely damaged, the shear cracks occurring just above the in- 
fill panels, (Figures 5.55 and 5.56). In j:iany cases the width of the cracks was over 20 mm. 
The upper story colunms showed leas shear cracking* The interior columns did not appear to 
be danaged. They lacked the stiffening provided by the infill panels. A corridor ran along 
the length of the building in the middle, and the shear walls were not continuous across the 
width of the building. Undeioraed reinforcing bars were used in the columns. The ties in 
the esterior colunns were spaced at roughly one-half the naslnun dinension of the column. 

Much of the damage at Tonan High School may bo attributed to the unfavorable orientation of 
the shear walls with reej.o.:': lo the directioii scrongest shaking (N-S). A building adja» 
cent to the school but oriented perpendicular to it, which was constructed about the same 
time and in which the shear walls run in the N'^S direction, was undaoaged, aside f ron a few 
broken windows* 

Izuml High School (No. 21, Figure 5.3) . The school campus is located in the suburb north of 
Sendal, approximately 2 km from the Tohoku Electric Power Company Substation* which is dis- 
cussed in Chapter 7. The buildings were completed In 1973, and their design was based on the 
1971 building code. The school was occupied at the time of our visit. Several other schools 
in the same general area, also designed according to the new standard, suffered less damage 
than Zsuni High School. We were inforned that relative to Tonan High School, the soil condi- 
tions at the Izuni site were better. 

The building plan in Figure 5.57 shows three interconnected classroom buildings, and a steel 
frame assembly hall (audltorluQ or gymnasium). The steel frame building appeared to be only 
lightly damaged from the outside. The classroon buildings are three-story reinforced con- 
crete frame structures with transverse shear walls (not shown, but coi;u icing with Lhe end 
classroom walls and stairwells). Classroom corridors extend along the north side of each 
building. 

Figure 5.58 shows the east elevation of the three classroom buildings, and Figure 5.59 shows 
the front entrance on the north sidi of building I. The badly cracked panel above the 
entrance is not connected to the ground floor. The interior corridor walls in the building 
had extensive diagonal cracks, as shown in Figure 5.60. Figure S.61 shows the northeast 
corner of building 2 along the founJation. Tho diagonal crnck at the corner of the exterior 
wall indicates that eicUer u|i.it'iiii; sec tlcEient of tin; itjuadation took place. Figures 
5.62 and 5.63 show typical L:a:iia;^ij on the north and south sides of one of the classroou 
buildings. Damage was relatively greater on the north side of the building where the col- 
umns were stiffened by the infill panels. Although there were numerous diagonal cracks 
emanatln;> from window openings on the north side, the nain columns did not appear to be 
badly cracked. 

Note from Figure 5.57 that the interior shear walls do not run the width of the building, as 
they are interrupted by the corridor on the north side of the building* The cracking was 
less severe on the open side of the building, where the shear walls connect to the columns. 
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Figure 5.54 Tonan High School - Detail of damage to west face. 
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Figure 3.57 Izunl High School* Isimt City. Flan vl«r of steel frame assembly 
hall and three reinforced concrete claesroom buildings. 
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Figure 5.58 Izumi High School. Three adjacent reinforced concrete 
frame buildings with shearwalls suffered minor damage. 





Figure 5.60 Izuml High School. An 

interior corridor wall in 
classroom building 1 aligned 
in the longitudinal direction 
of the building. 



Figure 6.61 Izumi High School. Ttie diagonal crack in the 

exterior wall shows that foundation settlement or 
uplift took place at the corner. 




Digitized by Google 



I 






S <-> ts 

O 1-1 iH 

O S -H 

u! Ill n 

-H 03 0/ 

rH t-t 3 

o <; OH 

O. (U 

X • c 



u ^ c 



••^ ao 60 • 

s: c u -o 

-H tJ rH 60 

I m 

3 —< lU a 

N 3 3 

I— 1 X> vl 



3 

GO 




E 

Q ^ 
O O 

m « 

9) T) 

fl •<-« 
u 

m 

—I -H 

(11 x: 
u H 

•H 

C 
>. 



•J 41 
10 00 



•H 0) 



00 P 

c 01 



<u 
o 

- rs 

i-H U-1 

O 

O £ 

^ u 

y 3 

W5 O 

so • _ 

•M CO 3 

a: C « 
-t 3 

•H TJ 43 » 

B r-i e 

3 U V 

N 3 £ CI. 
>-l U O 



(l> 
3 



102 



Google 



Tohoit u Inoritiitf ot Tophnftlftgy (N<^. 17, Klciirp "^. t). I'ho campus^ l oiiijiRrR of k- vi i . I hnildlnj* 
loe«tad aouthwAsi: of the downtown araa oi: Sandal, i'ha building layout la Illustrated in 
rigura 9.64. Tha undarlylng aoil eondltiona ara roaaonably good, being older terrace depoa- 
its. AJ 1 building are fllturttpd on sand and have pile totinrliM ons. As may ubKcrvful from 
the contour map in Figure 3.12, this araa of ttie city Is quite hilly. fluUdings m. J and :> 
(labeled *m Figure cooacructed in 1963, were laapecced In aone detail. There were no 

strnng motion inetruneQta at the caopaa; Itouever, ground acceleratlona at tbe alte were eati- 
raated as ().25g. 

Figure 3.63 ahowa a partial view ot the northeast facade on Building 3. Building 3 la altu- 
ated on a ateep hill nrnnlng to the aouthweat and the northeaac aide entrance la actually 
located on the fourth-story of tbp olphr-iitcry rplnforced concrpte frnrrp building. The upper 
fiva floors contain large classrooms and open spaces. Damage to building 'j was substantial, 
partleolarly on the northeaat aide. Light fixtures were shaken doini and bookcases, wooden 
lecterns, and atatues were overturned. Surprisingly, the elevator reaalned fuaetional. Wall 
panels and fleer dlaphragffls were cracked, (Figure 5.66). Sueh cracking wae particularly 
noticeable near ahear walla of the atalivell on the northeaat aide of Building S* 

The eolumna on the northeaat aide of building 5 were aerlooaly damaged. Figure 5.67 and 5.6tt 

show typical damage co fsfprlnr rnlnriT"; nn the upper stories (smrlps ft - R). Thp Infill 
panels stiffened the exterior toiuwati uu Che northeast side of building ia cotitrast, 
the exterior columns on the southwest side and the Intetlor coluiana had no such stiffening, 
were relatively flexible (Figure 3.69) and suffered no apparent danage. The lower atory 
colunns on the northeaat aide showed significant ahear cracking and spalllng, as illustrated 

In ffjnire 5.70 for one exterior colunn on Story four. Crack wi<U;is exceeded 10 rara in several 
Instances. Visible coluon ties were spaced 230 au apart and were wrapped around the corner 
longitudinal bare without hooka. Interior traneverse ahear walla alao ahowed diagonal 

cracks. In at least one case where the transverse wall was connected to a column, the 
diagonal crack In the wall continued on into the column. The trausverse wctlis were connected 
to the columns on the north side with the tie beama. Figure 5.71 ahowa one of theee tie 
beams following the earthquake. 

Adjacent to building 5 on the northwest is i ttiree-story reinforced concrete frame building 
completed in 1972. Figures 3.72 and 3.73 show this building and its walkway connection to 
building 5. It waa conatructed according to the po8t-1971 building code. Although the 
building waa not entered, an Inapectlon of ita exterior revealed no aigna of damage* 

The northe.ist facade of bulldin,- i : ; shown In figure 5.74. Tfi i s i <; i tour-Jtuy reinforced 
concrete frame building, ten spans by two. While the relatively flexible interior coiuons 
were undenaged, all of the exterior columns on the flret-story cracked In shear juet ebove 
the infill p.inr!<?, as shown *n Pl-^i-rc 5.75. Figure 5.76 illusfritos tliif nore clearly at 
one of the first-story columns on the northeast side of building J. As can be seen, the 
reinforcement ia undeformed. We were informed that core saoples taken out of the epandrela 
showed no apparent damage to the concrete. 

Around the ._:iiraiice on the east aide of building 3 and the southeast corner of its first- 
Story, large areas of the tile facing and concrete underneath had spalled off, exposing the 
reinforcement (Figure S.77). At this location, the vertical reinforcing bars were bent 
ttianually during construction in order to force them to conform to the building wnrklnp draw- 
ings. The reinforcement appeared to have less than 10 mm concrete cover. The interior 
walls of building 3 showed extensive diagonal cracking (Figure 5.78). However the interior 
columns were apparently not damaged. 

Figure 5.79 shows the area between walkw.r. a'ong the northeast side of building 5 (see also 
Figure 5.65). The backfill along the noi Liioast side of building 3 has settled, causing dam- 
age to the stairs to the entrance of building 5 and adjacent retaining walle. Ground settle- 
manc alao has caused the paving of the walkway to crack. 

It was reported that building 3 will be demolished and building 5 will be repaired, fiatl- 
mates of the costs of repair for these structures were unavailable. 

Tohoku University Enginecrtn;: „aJ Arctiitecturc Building (No. 19, Figure 5-T) . Tohoku Univer- 
sity is located west of the downtown area. As may be observed from the contour map in Figure 
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Figure 5.64 Xohoku InstituCe ol Technology, Sendai, plan o£ campus. 

Hacchlog along walls of buildings 3 and S shows location 
of severely damaged colunnB. 
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Figure 5.65 Tohoku Institute of Technology. Partial view of the 

entrance and north facade of building 5. Most serious 
damage to columns occurred on this side of the building. 




Figure 5.66 Tohoku Institute of 
Technology. Typical 
cracking of floor dia- 
phragms at the sixth floor 
level, building 5. 
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Figure 5.71 Tohoku Institute of Technology, Building 5. The tie beam 
over a sixth floor corridor connecting two shear walls 
shows diagonal cracks at both ends. 



Figure 5.72 Tohoku Institute of Technology, concrete frame structure 
adjacent to building 5 on the west, completed in 1972. 
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Figure 5.73 Tohoku Institute of Technology. Passage between Building 5 
and the building to Its west. 



Figure 5.74 Tohoku Institute of Technology, Building 3. General view 
of the north elevation. 





Figure 5.75 Tohoku Institute of Technology, Building 3. 

Damage to the ground floor columns on the south 
side of the building. Similar damage is present 
on the opposite side of the building. 




Figure 5.76 Tohoku Institute of Tech- 
nology, Building 3. Typical 
damage to ground story ex- 
terior column on north side 
of building. 
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Figure 5.79 Tohoku Institute of Technology, walkway and north entrance 
of building 5 shows settlement of backfill along length of 
building. 
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3.12 ehls area of Sendal Is quite hilly. The underlyiof stable terrace deposits provide a 

good foundation for buildings. The Engineering and Architecture Building on the C.idpus is a 
nloe*-Btory reinforced concrete frame structure with pile fuundatiou appruxXmiely 10 years 
old. Tkt structure was designed for a peak ground acceleration of 0.2g. A general view is 
shown in Figure 4.4 and plans and elevations are shown in FigM^e 4.3. The building is 
Inscrumented with two strong motion accelerometer Instruments on the ground floor and the 
ninth floor. The records are discussed in detail i:i Chapter 4. The maximum accelerations 
recorded were 0.24 g at the ground floor and l.Og on the oiatb floor, both in the N-S direc- 
tion. 

The building performed very well in the earthquake. The February 1978 earthquake caused 
soae cracking in shear walls and window breakage. The maximum ground floor acceleration 
measured then was 170 gal. After the June earthquake* the diagonal cracks bad wideneda but 
they still can be easily repaired. Figure 5.80 shows an Interior transverse wall at the 
yround floor. The decorative glazed tile veneer has cracked and spalled along a dla!^onal 
crack in this wall. A number of windows on the upper stories were broken out and bookcases 
and filing cabinets were overturned. The naln structural elenents of the building appeared 

to be Intact; however, ninor crack'; In the structural frnme were reported at the lowest 
levels. Assuming that the first coode dominated the dynamic response, the maxiouffl displacement 
Miplitude at the ninth-story, conputed fron A/(2flf}^ in which A - 980 cn/sec^ and f - 1 Us, 
waa about 25 ca (10 in). 

5*5 llaaidncss 



Sunny Heights Apartaent Building (No. 38, Figure 5.3) . This 190-ttnit private apSTtaent 
building (Klgiirn 5.81) is located on the east side of Sendai city on soft ground. It is a 
14-story steel and reinforced concrete structure with a pile foundation, L-shaped in plan, 
which was built in two sections about two years ago. The L-shaped plan is not conducive 
to earthquake resistance because torsional effects aay be aaqtlified. The earthquake caused 
nunerotts diagonal cracks throughout the height of the building, particularly around doorways 
and window openings, as shown on the east face of the building In Figure 5.82. The extensive 
cracking in the nonstructural panels adjacent to doorways created major problems for occu- 
pants attesting to open doors and windows in the first ten stories. The oost severely da«- 
agisd panels were oriented in the N-S direction. Despite the extensive danage to nonstruc- 
tural eleaents, the main loadbearing structural members appeared to be undamaged by the 
earthquake* 

There was ettensive evidence of ground cracking and settleaent adjacent to the foundation and 

the walkway surrounding the building, -i^; nn be seen in Figure 5.83, where the support post 
below the bottom rail of the fence is exposed. The ground adjacent to the foundation sub- 
sided several Inches in soTr.e cases. Portions of the parking area around the building 
appeared to have settled about 18 in (460 on}. There was a large water shortage tank located 
on top of tlie roof. It was shAen loose from its anchorage when the anchor bolts failed and 
the horisoatal novenent also caused the supply pipe to be danaged. 

single Family Dwciliug .s. Major causes of the destruction to dwellings were landslides and 

rockfallH, inadequate f ourula 1 1 nn?; , and cons t ri- r t f on which lacxed lateral bracing. Many 
horaes in the Sendai vicinity have heavy tile roofs, and literally thousands of buildings 
had danaged roofs of varying degrees. Falling tile resulted la sons injuries* 

A fliajor cause of deaths and injuries was collapsing or falling walls made of stone or con- 
crete cinderblock. These walls serve as fences, for privacy, -^v.d as n.iise barriers. The 
Japan Building Code requires that walls over 1.5 n in height be reinforced in both direc- 
tions. Although sane of the walls that failed contained reiofordng, in most cases they 
contained less reinforcing than called for by the modern code. More fatalities resulted from 
falling walls containing inadequate reinforcing than from walls with none. Those with no 
reinforcing tended lo trumble while those with reinforcing toppled as units on people who 
were nearby or who held onto them for stability when the earthquake occurred, in some cases, 
the ttssonry block cores were grouted but the reinforcing steel had been omitted. 

Figure 5.84 shows an example of the ground cracking resulting from subsidence in one of the 
hilly areas in Sendai. The loss of foundation support has CSUSed extensive cracking in the 
building walls. In Figure 5.85, the front steps and breeseway have separated some 30 cm 
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Figure 5.80 Tohoku University Engineering Building. Damage to glazed 
tile veneer of shear wall at ground level. 



Figure 5.81 Sunny Heights Apartment Building, Sendai. General view from 
the southwest. 
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Figure 5.83 Sunny Heights Apartment Building. Ground cracking and 

settlement adjacent to walkway surrounding the building. 
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fron tha rsMliidttr of the structure due to ground eettlenent* There were many Instaiicee 
where tile roofs were bedly deaeged even when the structure reoalned standing (Figure S>86)< 

Two examples of collapsed aasonry-unlt walls are showa in Figures 5.87 and 5.88. The wall 
ehom In Figure 5*87 was not reinforced, and cruobled during the earthquake. Tbe wall la 
Figure 5.S8 contained reinforeeoent but was not anchored adequatc^iy to Its foundation and 
toppled oivar practically as a unit. 

Many single faaily dwellings were undaaaged by the earthquake and» perhaps surprisingly, 

undamaged homes were found adjacent to larger engineered buildings that had been damaged. 
In a. residential neighborhood at the bottom of the slope south of building 5 at Tohoku 
Institute of Technology, there was no visible damage to walls or tile roofs in any of the 
houses. Slallsrly, only ainor daaage could be observed to homes at the bottom of the bluff 
next to Tonaa Bigh School* 

5.6 Suamary 

Considered collectively, severe daaaged or collapaed reinforced concrete bulldinge shared a 

number of common features. Probably most significant, they were all designed prior to the 
1971 revisions to the building code, at which time detailing requirements became more strin- 
gent. These older structures probably had little ductility and energy-absorbing capacity 
due to the use of undeforoed bars and widely spaced column ties, insufficient ties and 
anchorage of reinforcement at beam-column Joints, failure to provide hooks on ties, etc. 
None of the columns in failed buildings appeared to be spirally reinforced, which would be 
more ductile in their behavior. Damaged buildings frequently had flexible first stories and 
rigid upper stories. Building layouts were irregular and caused structural discontinuities* 
Pertial infilled spandrel walls between coloana contributed to many column failures. In 
some cases, the fate of an entire building rested on the integrity of a single column or 
wall. Mechanisms for load transfer following local failure through good floor plans, logl- 
tudinal spline walls and returns on shear walls would reduce the occurrence of complete 
collapse following failure of a single element. Stiffer structures with shear walls tended 
to have less damage than more flexible buildings. 

It should be borne In mind that many of the buildings Investigated have been through two 
recent na^r earthquakes (February 20 and June 12, 1978) without suffering damage. The 

total damage due to the June 12th earthquake constitutes a ssiall percentage of the total 
capital Investment in buildings and structures, despite recorded ground accelerations of as 
high as 0.2Sg to 0.30g. 

5.7 References 

5.1 Okaaoto, S., Iptroductloa to Earthquake Engineering . John Wiley, 1973 (Chapter 8, esp). 

5.2 Standards for Aselsmic Civil Bngineerinj^ Construct ion in Japan, Hlnlstry of Construc- 
tion Standard No. 1074. 
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5.6 "Tentative Provisions for the Development of Seismic Regulations for fiuildlags," 
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5.7 "Building Code Requirements for Reinforced Concrete," (AC! 318-77), American Concrete 
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86 Typical damage to tile roofs In Sendal (Japan National Land 
Agency photograph) 



87 Failure of unrelnforced concrete masonry wall in Sendai (Japan 
National Land Agency photograph) 
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Figure 5.88 Failure of a reinforced concrete masonry privacy wall In Sendal. 
(Japan National Land Agency photograph) 
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6. EFFECTS ON INDUSTRIAL FACILITIES AND LIFELINES* 



6.1 Introduccion 

As dlecussfd in i;h,)pLi_'r 2, the preliminary Japanese estimates of daooage at the end of June, 
1978 amouated to approximately $830 mlllloa. Of this total $455 Billion was to factories, 
■tovoa and otbar bualiMtsa astabllalnMOCat Tfaia representa about 55 percent of the total 
darti^c. Danago to traiiBpof tatlon, o loc t ri 1 , Raq, and other llfellrip f qrfl It les also reprn^ 
sents a substautiai proportion oi the rtimaiaiug damagti. Of course, ttiese figureii do not 
Include ascondary types of damage, such as lost production tor factories, lost revenue for 
power and gaa utllitlea* etc. Thus* losses to industry and other business eatabliabneota 
donlnate the danage ataclstlcs from the Mlyagl-ken-ckl earthquake of June 12, 1978. In 
thi*^ Vi-^-.pcct, Che earrhqu.ikH Is vnry different froii the najorlty of danaglug earthquakes 
Chat have been reported in the literature. 

Most of tht- s 1 gi'. I f I cai> t structures In the Sendal area are modern structures, designed under 
advanced edrthqudke engineering concepts. The construction and Inspection practices also 
appear to be of generally excellent quality. However, most of the t ipital investment in 
industrial facilities is concentrated in equipaient systeas, which typically are not protec- 
ted against earthquakes to the sane degree as the buildings vhlcb house theB> This lofper 

level of seismic resl^tanco m.iy explain why a hi^li proportion of Che total danage Wes caused 
to factories, stores and other buslnpss establishments. 

A small number of Industrial facilities and lifeline structures were briefly inspected. 
Damage varied from negligible, at the Fukushlma Nuclear Power Plant, to severe, at the Seudul 
Gas Facility. Sendal is a large industrial city, with T.orc than 6,500 business/manufacturing 
firms* The investigated sample of facilities represents a small fraction of the damage 
caused by the earthquake and of the facilities that vera affected. 

At the time of the recunnaissance, Japanese engineers were already conducting investigations 
of some of the facilities mentioned herein, and detailed reports will be available In the 
future. This is particularly true of the power facilities in and near Sendal. Let us hope 
that fitich of this iaportant Information will be translated into BngUsh. 

This section of the report contains observations that were collected and recorded in a very 
brief tine, and undoubtedly contains some data errora. In addition, no attempt la made here 

to analyze the structures and rqnipment or their performance. The primary objertivr nf this 
report, and of the reconnaissance Investigation, Is to observe the perforoaQce ot earthquaKe- 
reslstant and other buildings, structures, and equipment. 

The mapa of Flgurea 1,1, 5.3 and 6.1 show the sites and facilities treated In this section 
of the report I 

6*2 Pukushlna Unclear Power Plant Complex 

The Fukushlma Nuclear Power Plant Complex Is owned and operated by the Tokyo Electric Power 
Coiri) iLiv. It is located on the Pacific coast of Fukushiraa Prefecture, about 7 km south of 
the town of Mamie, and is southeast of the town of Fukushlma. The site is approximately 140 
km from the epicenter of the earthquake* According to Chapter 3, faulting may have extended 

as much as 60 km west of the eplcentf>r. Tn thnt rase, tliu plant site may he loratod ahout 
80 km (50 mi) from the nearest location ot the iiuurce nL cuurgy, as shown in tigure 1. 1 

The complex has alx nuclear unlta, as shown in Figure 6.2, for a total of approximately 4,700 
Hif, and Is the largest nuclear power complex In the world. The site Is heavily instrumented 
with strong motion accelerometers. Numerous records were made; the peak ground acceleration 
was 0.125 g and the duration of strong motion was in excess of 30 seconds. Because most U.S. 
nuclear power plants are designed to criteria that Is almllar to the selwnic motion to which 
the Fukushlma site waa exposed, this earthquake represents a unique event* This is the first 



Prepared by Peter I. Yanev, URS/John A. Blume and Associates, San Francisco, California. 
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Fljgore 6«1 Map of Miyagi Prefecture, showing major landmarks and sites of damage 
visited, (aee Table 3.1 for identification). 
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tlmp thar n mortorii nuoip.ir pow^r plant was pxposptl ro stronE Kroiind motion with Jona dura" 
tiuu. In adaiLlou. clie pteiitiucd oL six uuiL» dL oat, site: teptctieuL^i a gvad aldlialical 
eonpic. 

Tabl* 6.1 gmuurlxe* •one of the pertinent data for tbls aiz-unlt eonplext 

At tha tlaifi of the UJNR c«an visit, June 23, 1978, 11 days after the earthquake, Units 1, 2, 
3 and S were operating; Unit 6 vaa still under construetloa, but wai ••••ntlalljr eon^letad, 
and it Is b«licved that Unit A was schuduied to go Into cofflmerclal operation soon. The abova 
tabic indicates thut the expected date o£ comaerelal operation for the unit waa aometiae ia 
October of 1978 • 

Units 1 through 3 have a Mark 1 (light-bolb-torus) type of contalnnent atructure; Unit 6 has 

d Mdrk 2 (over/under) type of containment (see Figures 6.3 and 6.4)« USR/Biume En^ineera 
fornsilated the seismic deaigtt criteria tot the plant and performed the original selsoXc 
analysee for the General Bleccric Ooopanj and the Tokyo Electric Power Geepaay* 

The plants are founded un a cumpcLi;nt buft mudstuitc iorukiLiou with a Chickucst> iu excess of 
300 m. Extensive cuts were necessary to level the site and to reach the midatODe* Which haa 
a shear wave velocity of about 600 m/sec. 

Unit 1 was dpsign^d for a ppak ground acct^lt^ratlon of 0.18g ^nd a response spPCtruB based OQ 
the Taft record from the Southttrn Caiiloruia (Kern County) earthquake of 1932. 

The reconnaaalaoee tean tnapeeted the exterior of Unit 1 and the exterior and interior of 
Unit 6. Including the containment structure, the reactor vaasel pedestal, aone of the equip- 
ment on the refueling floor, some of the equipment in the reactor building, the underside 
of the control rod drlva in the containuMnt, miaceiianaous critical and non-critical piping, 
varloua critical and non-crltlcal cable trays, the reactor building, the turbine building, 
the turbine overhead crane, and various auxiliary structures, ■ jipment and tanks (see Fig- 
ures 6.5 through 6.9)' There was no damage or evidence of working of connectioua in any 
of the Inspected areas* The only reported damage to the conplex was to sons non-critical 
(>l^ctrlcal insulators, shown in Figure 6.10, soae distance to the vent of linlts 1 and 2 
(see the following discussion on the effects to electrical insulators at the Sendai Substa- 
tion in Isond., near the eity of Sendal). 

Unite 1 and 6 are instrumented with between 20 and 30 strong motion aeeeleroiwters end otich 

valuable Inforaation was obtained from the oartt»quako. The peak ground acceleration, whlcb 
could be considered to be a "free-field" acceleration (see Figure 6.11) is 0.125g. (£W 
direction). The corresponding acceleratlonti in the NS direction and Up/Down directions are 
0>100g and 0«050g« The strong motion exceeds 30 see in duration. The reported maxiaua 
response ecceleretlon in the buildings la reported to be about 0.3g. Higher accelerations 
would be expected in Instrumented equipment or piping systeias. It is interest i thai 
records were obtained froia instrumenta located on the base slabs of the two units and at 
downhole lostruaieats, about 30 to 40 a below two of the containments. Thus* it may be poa- 
aible to conduct a detailed eoil-etructure Interaction study foe the plant* 

Tokyo Electric Power Company Is also conducting model studies of the plant at the site. A 
l/13th scale model of the contalnnent has been constructed a few hundred yards away Iron the 
fludear units* The model, shown in Figure 6.12> waa also Instrumented, including another 

downhol' ! istrument , an :! '.dditional records are available fro;i: Hit sLudy* At the time of the 
Investigation the company was beginning to evaluate the recorded data. 

6.3 Mew Sendal Power Flant. lohoku Electric Power Company 

The New Sendal Power Plant, owned and operated by the Tohoku Electric Power Company, is 
located on the Pacific shore, 13 km east of the center of Sendal. The site is adjacent to 
the Sendal refinery of the Tohoku Oil Company which suffered extensive damage from the 

earthquake (as discussed elsewhere in this rh-^'pr). The plnnr shown in Figure 6.13, has 
two Mitsubishi oil-fired boilers. Unit 1 wa^ cuQiiieitd in 1^7 i and has a capacity of 350 
MW; the 600-MW Unit 2 was completed in 1973 and is the largest unit of the company. The 
total capacity of the Tohoku Electric Power Company is 3,715 HW, this plant representing 
about 17 percent of that capacity* 

123 



Digitizeo Ly 



V 1-1 

9 o a. 



• I 

3C -o 

kj 



0 y) ^ 



Li 



a 
o 



O Vi 

•H E 



30 

c 



O 

w 111 

So. 
a. 



u a. 

q Q. 

ii 3 

ad CO 



4> 



u 4i 



— < JT o 30 » 

f-^ » ^ o 



-0 1/^.0 
r-. f-^ 



«D -M 3 



O Q C<J vO a> 
O O at OS r<» 



<TJ ^ nl <3 
S B B B 



to 13 4 A -H 

■ii a i6 £ 



o o 



(D « ta w n « 
ja lA OH OA 
cd u H *!: H DO 



•H tfl :c 

^ jC3 ^ 

U -H ca 'H « --^ 

« J3 J3 £ ^ ^ 

U 01 -H !J — ( U) 

•H O J= 03 jr O 

3: H M -u » H 

!d M H ^ H id 

?3 W O 



4: A « ^ 

H 'J JJ U M 'J 

3 -H O 

w H ac 
C9 



PQ BQ 0) 4 <n n 



O vj -J- -T O 
« CO 00 CO «0 o 



II 8|| J 

J= ^ J= -C £ J5 
(A n a « IB 

^ ^ ^ ^ ^ 
3 3 = 3 3 3 

U4 IX, Ua Ix^ 



o 

^ 3 

y a: 
. 

ai 

t3 (T) 
3 D 



CM 


cn 






c 


3 












•H 




« 


«9 


0 « 


« 




-H 




6 


B 


e a 


P 


e 


•H 




0 


0 


0 0 




0 


0 














=e 


1J 


n 






r: 






0 


B 




g a 


E 


e 


1 


kl 




■H 


•W -H 


-H 






3 


x: 


jr 


^ -C 








0 


VI 




U) 35 


tn 








3 


3 


3 3 






35 






Ji! 






;2 






3 


3 


3 3 


3 


3 










lb LLi 












125 



Digitized by Google 




Figure 6.^ Fukushlma Nuclear Power Plant: Typical elevation view through 
the reactor/containment building and the turbine building and 
a plan view across the refueling floor of the reactor building 
and the operating floor of the turbine building. 
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Fukuahima Nuclear Tower Plant.: 
large* undamaged safety related 
water storage tanks that are 
located between units 1 and 5« 




.6 Fukushima Nuclear Power Plant: a view of the braced 
steel frame roof and the overhead crane of the turbine 
building of Unit 6. 
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Figure 6.7 Fukushima Nuclear Power Plant: a partial view of the Unit 6 control 
rod drive and Its supports. The unit is still under construction and 
was more than 95% completed at the time of the reconnaissance. There 
was no apparent damage or any evidence of working connections at this 
system or at the other systems of Unit 6 that were examined. 

Figure 6.8 Fukushima Nuclear Power Plant: a typical view of massive seismic 

and/or pipe whip bracing of critical piping inside the reactor building 
of Unit 6. The equipment showed no evidence of damage. This unit is 
still under construction. 




128 



Google 






Figure 6.9 



Fukushima Nuclear Power Plant: a partial view of the control 
room of Unit 5. At the time of the visit on June 23, 1978, 
11 days after the earthquake, this unit was operating. 



Figure 6.10 Fukushima Nuclear Power Plant. Broken ceramic insulators 
were the only damage reported for the site. The damaged 
Insulators had been replaced, as illustrated above, within 
hours after the earthquake and before the reconnaissance visit. 
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Fukushima Nuclear Power Plant: a view of some of the 
auxiliary structures to the north of Unit 1. Free-field 
acceleration was recorded in the water treatment building 
(the white, 1-story building in the middle of the photograph), 
which is located approximately 100 m from the Unit 1 contain- 
ment structure. The SMAC instrument recorded a peak ground 
acceleration of approximately 0.i25K. 




Figure 6.12 Fukushima Nuclear Power Plant: 
view of the l/15th scale model 
of the containment of one of 



the nuclear units. The free 
field and downhole instrumenta- 
tion is located away from the 
test structure (note the cables 
to the right). 
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Figure 6.13 New Sendai Power Plant, Tohoku Electric Power Company: a general 
view of the two-unit, oil-fired power plant. The turbine building 
is in the foreground, and the two boiler structures are in the back- 
ground. Unit 2, the large unit, has a 600-MW capacity. Unit 1 
has a capacity of 350 MW. Note the massive seismic bracing to the 
combined stacks and to the boiler support frames. (Tohoku Electric 
Power Co. photograph) 
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Because the SMAC aeeelerograph at the station was being Inapeeted at the tine of the earth- 
quake, no records were obtained. However, the pl's-it's seismic alarm, located at Che level 
of the turbine operating flour, was triggered at approximately 0.15g. Aecause Che plane 
is closer to the epicenter of the earthquake and the assumed area of faulting (as dlscusssd 
In Chapter 3), It nay be assumed that the ground ootloa at the plant vas sonewhat stronger 
than In the city of Sendal vhere the recorded peak ground accelerations varied between 0.20 
and 0«40g« 

The plant la located in an area of recent alluvium and on filled land; the depth of uncon-> 
aolldated sand is approximately 15 m (45 ft)« 

Both of tlie units were damaged during the earthquake, and the plant was shut down for 6 days 
for repairs. Total damage to the faclllcles of the Tohoku Electric Power Company la approx* 
Imately $15 million; estimated damage to the plant accounts for about 10 percent of the 
loss. The total assets of the company in property, plant and equipment for Fiscal Year 1976 
were $3,840 million. Damage from this earchquak,e caused a loss of about 0.4 percent of 
those assets. The plant was operating at the time of the investigation of June 24th» 12 
days after the earthquake. 

Three types of damage occurred at the plant: (1) damage due to local, minor nrctlement, (2) 
damage to the structural and architectural elements o£ buildings, which was olnor, and (3) 
damage to the equipment, vhleh eonetltuted the bulk of the loss- 
Minor settlement occurred throughout the site. Much of this settlement occvirred in Che 
Vicinity of burled piping (Figure 6.14 ). About L cm of settlement occurred at the intake 
structure and the paving around the structures was cracked; hoirever the structure uas opera- 
tional and did not seem to require repairs (Figure 6.15). 

Building damage was limited to some of the interior wails of Che administration building and 
to the facing precast panels of the turbine buildings (Figure 6.16). Some of these panels 
were loosened; presumably the attachments to the steel framing were damaged. 

both Unit 1 and Unit 2 suffered damage to tubing inside the boilers (Figure 6.17). A small 
furnace platen cooler tube Inside the slag screen was sheared In the Unit 1 boiler (figure 
6.18). A similar failure occurred in the boiler of Unit 2 to one of the reheater spacer 

m^.c-^. T'l^ suspL' uluJ I' Hlers and their structural supports alao pounded against one another 

and also sustained soait: ilamage (Figure 6.19). 

There was no other reported damage. The turbine pedestals and the operating floor of the 
turbine buildings in Japan are uaually separated by a 3 to 4 inch gap and, in this caae, 
there was no pounding between the two structures. 

6 .4 Sendal Substation, Tohoku Electric Power Company 

The Sendal Substation of the Tohoku Electric Power Company is located on a low hill In the 
city of Iziuni, about 7 km north-northeast of the center of Sendal. The substation is a 
large, multilevel complex. It was constructed during the last few years to the current 
Japanese selamic code, which apecifies a minimum design acceleration of 0.20g for low-rise 
structures. 

Figure 6.20 shows a general layout of the complex. I'he upper portion of the substation is 
the high-side 274 KV bus, and the lower portion of the substation is the low-side bus which 
is 154 KV. Locations of damage to equlpaient are circled in the figure. 

Extensive cuts and fill were necessary because of the topography of Che hill on which the 
station was located. The filled areas are Indicated in Figure 6.20. Some of the fills, all 

of whicli were engineered, were as deep as 15 m {m5 ft). The underlying bedrock is a compe- 
tent, soft tiiudstone which was left exposed with slopes exceeding 60". Due to seisraic consl- 
deratlons^ the most important electric conponents of the station were placed on the cut 
portions of the site, over a nudstone foundation. For example, all of the main transformers 
were placed on the cut sites, as shown in Figure 6.20. According to utility engineers, 

there seemed to be no difference in the amount of damage sustained by equipment wiietiier oii 
fills or on cuts. There was extensive daiuuge to equipment in all parts of Che iaciiicy. it 
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Figure 6.1A New Sendai Power Piant ; Tohoku Electric Power Company: A 

view of the entrance area to the power plant showing settle- 
ment of fill and subsequent repair work to the pavement. 
The pavement settled approximately 15 cm (6 in) and was 
primarily in the vicinity of a backfilled underground 
pipeline. 

Figure 6.15 New Sendai Power Plant, Tohoku Electric Power Company: damage 
around the water intake structure from ninor settlement. Other 
examples of minor settlement were observed throughout the site. 
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Figure 6.16 New Sendai Power Plant, Tohoku Electric Power Company: a loosened 
exterior facing panel in the turbine building. This was the only 
obvious damage to the exterior of the structure. TIte shear walls 
of the adjacent administration building showed extensive cracking. 

Figure 6.17 New Sendai Power Plant, Tohoku Electric Power Company. The arrow 

points to the location of the damaged horizontal spacer tubes in the 
600-MW boiler of Unit No. 2. (See Figure 6.18). 
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Figure 6.18 New Sendal Power Plant, Tohoku Electric Power Company: damage to 
the two boilers consisted of shearing of spacer tubes for the 
furnace platen cooler tubes inside the boiler. (Tohoku Electric 
Power Coiopany photograph) 



Figure 6.19 New Sendai Power Plant, Tohoku Electric Power Company: a view of 

the exterior of the boiler walls showing evidence that the suspended 
boiler had pounded against the surrounding support structure. 
(Tohoku Electric Power Company photograph) 
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Figure 6.20 Sendai SubsCatlon, Izuml: plan of the facility showing the 
location of damaged equipment (circled) , The solid contour 
lines indicate areas that were filled. 
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vas lonedlately apparent during the InveaClgation (June 24, 12 days after the earthquake), 

that all of the equipment: was adqequately aachored to its foundations, or braced. No over- 
turniog or other structural bracing failures were noted. Apparently, the damage was limited 
to various ceramic insulators In lightening arraatera, potential devices, circuit breakers, 
transforaers, bushings, reactors or line traps, switches, ate. Thus, there waa a atrlklng 
difference between the damage to this substation, as compared to the damage at the Sylaar 

Converter Station from the San Fernando, California earthquake of February 9, 1971. in the 
latter case much of the damage was caused by the overturning of equipment with inadequate 
anchorages or supports. 

By June 24th ouch of the damage to tlie substation had been repaired (Figures 6.21 and 6.22), 
and the damaged equipment (Figures 6.23 through 6.27) had been dumped in piles on the peri- 
phery of the substation (Figure 6.2&). ftepalrs were still going on to the bushings and 
lightening arresters of some of the main transformers (Figure 6.29 )» and varlow pieces of 
equlpr>:ent iiad not yet been replaced. The total damage at the substation la estimated to be 
on the order of $15 olllion. 

A Japanese team has been assembled to conduct a special InvestigStlOQ of the pecfomsnce Of 

the substation during the earthquake. 

6.5 Baranomachl Plant of Sendai City Gas Bureau 

The Sendai City Gas Bureau's ilaraiio T.acli i riant, located approximately 3.7 tuu nortliwest of Che 
center of Sendai, suffered major damage. The total collapse of a large propane gas holder 
(Figure 6.30) was partially responsible for the stoppage of gas for the city. It was esti- 
mated that gas services for the city would not be restored until the end of June, some three 
weeks after the earthquake. At the time of the investigation (June 25, L] days dfttr the 
earthquake) many restaurants in Sendai were closed because of lack of gas. According to 
Chapter 2 about 60 percent of the 200,000 households in Sendai are dependent on gas for 
heating and cooling, and as of June 28, 1978, 22,000 of these households were still without 
gaa. An additional 10,400 households elsewhere In the prefecture were also without gas. 

The holder diameter was 38 n} Its height was 27 m. At the tine of the earthquake, the holder 
contained 14,000 m^ of propane gas, at the relatively low pressure of 1 kg/m^, and held water 
In a 9-m section at the bottom of the structure. The tank had at least two, but more prob- 
ably three, tt It seizing sections constructed of riveted plate, 1 cm (3/8 in.) thick, stif- 
fened with ring stiffeners at approximately 2 to 3 m. The tank was surrounded by an outside 
containment dike also constructed of riveted steel plate. 

The collapsed holder caught on fire shortly atter failure, and all of the stored gas was 
consumed. The fire burned out, or was extinguished, about 25 minutes later, and did not 
spread to the nearby high pressure propane tanks. The most serious damage to the gas 
facility was caused by the collapsing holder. It struck the nearby pipeway for many of the 
tanks at the plant, causing nucli daaiage to the piping systems and other associated equipment. 
Figure 6.31 shows the collapsed holder and the damaged pipeway just after the earthquake. 
At the time of the Investigation a new plpeway had been erected on the concrete pedeatals of 
the old pipeway, and repairs of the pipelines were proceeding. Figure 6.32. These pipes 
service the remaining undamaged gas tanks. 

There was evidence of damage throughout the facility (Figures 6.33 through 6.38); however, 
none of the other tanks at the facility are believed to have suffered major damage. Some 

damage was Hue to pounding between buildings and pipes that penecr^ited the building walls 
(Figure 6.39). Unanchored pipe supports often moved on their pedestals, and reinforced 
concrete block structures suffered damage to their structural elements. 

6 .6 Sendai Refinery, Tohoku Oil Company Ltd. 

Figures 6.40 through 6.49 give an overview of damage to the Sendai Kefioery of the lohoku Uil 
Company, Ltd., which is located on shore about 15 km east of the center of Sendai and adja- 
cent to the New Sendai Power Plant. A plan of the refinery, which is a major inutallation 
and was completed in 1971, is sliown in Figure 6.40. Ihe refinery covers an area of i,6UO,0OU 
m^. Its capacity is approximately 100,000 barrels/day. 
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Figure 6.21 Sendai Substation, Izuml : a general view of a portion of one of 
the buses. Damage was not reported to these steel structures. 



Figure 6.22 Sendai Subst/jtlon, Izuml: three replaced 3-phase circuit 

breakers. This type of T-shaped circuit breaker suffered a 
high percentage of damage. Often the three symmetrical guides 
broke before the main stem. In all cases the structural steel 
supports appeared to be undamaged. 
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Figure 6.23 Sendal Subslaclon. Izuml: typical damage to 3-phase T-shaped 

circuit breakers (as shown In previous figure). Note the complete 
failure of one and the damage Co the three guides of Che second 
circuit breaker. All sCeel supports appear to be undamaged. The 
photograph was taken immediately after Che earthquake before repairs 
were initiated. (Tohoku Electric Power Co. photograph) 

Figure 6.2A Scndai Substation, Izumi: another three failed 3-phase, T-shaped 

circuit breakers. Note the failed main stems, the loose guide wires 
and the undamaged steel supports which are attached to their founda- 
tions. (Tohoku Electric Power Co. photograph) 




139 





Figure 6.25 Sendal Substation, Izinni: 

damage to a circuit breaker 
(right), and two lightening 
arresters (center). The 
bushings of the transformer 
In the background appear to 
be undamaged; however, the 
lightening arrester Is lean- 
ing. (Tolioku Electric Power 
Co. photograph) 




Figure 6.26 Sendal Substation, Izumi: Severe damage to circuit 

breakers (center of photograph - note the failed columns 
of live tank design, probably with gas reservoirs), current 
transformers (with the tapered bushings - some of the stems 
are also damaged), and reactors (to the left) with presumably 
broken connections. (lohoku Electric Power Co. photograph) 
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Figure 6.27 Sendai Substation, Izumi . Severe damage to several 
circuit breakers of live tank design. Note the lack 
of damage to the structural steel supports and the 
steel components of the equipment. (Tohoku Electric 
Power Co. photograph) 



Figure 6.28 Sendai Substation, Izumi; one of several piles of broken 
equipment, including several line traps or reactors in 
the back (note tl»e damaged base of the left stem) and 
the horizontal tanks of several circuit breakers of the 
live tank type (in the foreground are the failed columns 
of the circuit breakers and of other equipment). 
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Figure 6*29 Sendai Substation, Izumi; a repaired but still disconnected 
transformer. All of the transformers at the substation 
lost some bushings or lightening arrestors. Some damaged 
parts were being replaced at the time of the investigation. 



Figure 6.30 Haranomachi Plant, Sendai City Gas Bureau: an overall 
view of a collapsed propane gas holder and some of the 
surrounding propane storage tanks and affected pipeway 
and equipment. (Kahoku Newspaper Co. photograph) 
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Figure 6.31 Haranomachi Plant, Sendal Gas Bureau; collapsed gas 

holder and the damaged adjacent plpeway structure Just 
after the earthquake, (Sendal Gas Bureau Photograph) 



Figure 6.32 Haranomachi Plant, Sendai City Gas Bureau: The newly 
erected plpeway, with the collapsed holder in the back 
ground. Note the undamaged pressurized propcne gas 
sphere in the back. 
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Figure 6.33 Haranomachi Plant, Sendai City Gas Bureau: 

damage to piping and other equipment and supports 
caused by impact from the collapsed gas holder 
and the adjacent pipeway. The newly erected 
pipeway Is to the right. 





Figure 6.34 Haranomachi Plant, Sendai 

City Gas Bureau: damage to 
the telescoping gas holder 
and to some of the nearby 
pipeways and equipment . The 
trusses are portions of the 
original support structure 
that had surrounded the tank. 
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Figure 6.35 Haranomachl Plant, Sendai City 
Gas Bureau: buckling damage 
to the lower portion of one 
segment of the gas holder. 



Figure 6.36 Haranomachl Plant, Sendai City Gas Bureau: 
a fracture of the 3/8-in. plate wall of the 
collapsed gas holder. The length of the 
fracturf i proximately 1.5 m (5 ft). 
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Figure 6.37 Haranomactil Plant, Sendal City Gas Bureau: sheared 
pipe flange connections in the plpeway structure in 
Che vicinity of the collapsed gas holder. 



Figure ^.38 Haranomactil Plant, Sendal City Gas Bureau: undamaged 
expansion bellows that moved t>everal inches during 
the earthquake. 




U6 



Digitized by Google 




Figure 6.39 Haranomachl Plant, Scndai City Gas Bureau: a damaged 

reinforced concrete block structure. Some of the damage 
was due to pounding between tlie large diameter pipe and 
the structure at the pipe penetration. 



Figure 6.40 Plan of the Sendal Refinery, Tohoku Oil Company, Ltd. 

Tanks are shown as circles in the plan. The circles 
that represent the three failed TC tanks have been 
blackened; ones that represent the three other damaged 
tanks are marked with an X. The refinery structures 
are located to the right of the tank farms. 
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Figure 6.41 Sendal Refinery, Tohoku Oil Company, Ltd.: an overall 
view of the refinery's tank farm. The spilled oil 
appears as the dark area of the photograph. (Tohoku 
Oil Company photograph) 

Figure 6.42 Sendai Refinery, Tohoku Oil Company, Ltd.: one of the 
three failed storage tanks. The damage illustrated Is 
due to suction caused by rapid evacuation of Che oil 
through the ruptured connection of the base and wall 
of the tank. Tl\e several tanks, of similar size, in 
the foreground are thought to be undamaged. 
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Figure 6.43 Sendai Refinery, Tohoku Oil Company, Ltd. Two other 
failed TC oil storage tanks. 



Figure 6.A4 Sendai Refinery, Tohoku Oil Company, Ltd. TC 
oil storage tanks. 
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Figure 6.66 Sondal Rofin«ry, Tohoku Oil 
Company, Ltd.: an undamaged 
LPG storage tank. Note the 
heavy diagonal bracing In 
the supporting structure. 
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Figure b.U6 Sendai Refinery, Tohoku Oil Company, Ltd.: ground 
secclemenC at Che refinery. 



Figure 6.49 Sendai Refinery, Tohoku Oil Company, Ltd.: A wing of 

the damaged steel-framed administration building. Damage 
was obvious only to the architectural finishes. 
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As illuMtrated in Figure 6.40, the complex is divided in two parts by a river and sooe pert 

facilities. The new Sendal Pover P'ant is to the c-a.st (rli^ht). The tank f.irms and the 
refinery complex Itself are located on the eastern portion, adjacent Lo the. ptjit lacilities, 
which can handle super tankers. The gas producing and pumping facllltleii arc located on the 
western half of the coaplex. The land transportation facilities are also located on the 



The dsisage of the refinery and the lost oil represent one of the major losses from the 
Hiyagl-ken'>okl earthquake. At the tine of the investigation (Jnne 24, 12 days after the 

earthquake) the totjl amount of damage was unknown, as Invostlgatlona were still continuing. 
It was expected tliat the damage invesLiijatioua ,xad cvaiuiitious by tiie coxpany and the local 
fire authorities would continue well into July. The reported intensity at the site was 5 on 
the JMA scale, and the eplcentral distance is approximately 100 km. The adjacent power 
plant had an aceelerooeter, which did not operate, and a seismic alarm, located at the tur- 
bine huridinr, operating floor, wliicli w,i2 crl!;f;ored by the earthquake. As the alarm was set 
at approximately 0.13 g, the motion was probably In excess of 0.1^ g. In all probability, 
the motion exceeded 0.25 g. 

The investigation revealed tliat the cu;upit;>. ;iad bce:i designed to rtiasouabic seisnic cri- 
teria. All of the observed tanks, equipment and piping systems were anchored and no over- 
turning failures were observed. As discussed further, some of the tanks were designed for a 
0.30 g peak ground acceleration. Hajor portions of the facility were located on engineered 
fill. There was some evidence of settlement, however it could not be deteraiaed if the 
settlement had occurred in filled areas. 

There ere at least 87 storage tanks in the facility* The t^nkr. have different designs, and 
different functions; some stored oil, others stored liquid propane gas (LPG); some had fixed 
roofs, others had movable roofs. Iirei? large tanks containing refined t Ucl i ailed Top Crude 
(TC) failed, spilling approximately 68,100 kl of oil. The capacity of Che tanks was 83,000 
kl. The surrounding reinforced concrete dike could aeconodate only 35,000 kl* The oil 
overtopped the dike, inundated much of the refinery area, and spilled over into the port 
(Figure 6.41 ) > Because the surface soils are sandy, it is believed that much of the oil 
that was contained in the dike subsequently leaked under the walls and contributed to the 
spill. 

At the time of tin; investigation a thick film of oil still covered much of the refinery 
grounds. Thus, the fire hazard was great, and the investigating team was unable to observe 
the details of the damage to the tanks. It Is believed that the tanks shown in Figures 6.42 

through 6.i^ failed at their bases. The oil drained rapidly, causing a vacuum inside, 
which imploded the tanks. Three other tanks suffered damage and will need repair. 

Another large water storage tank experienced Interesting damage (Figure 6.43)* The welded 
steel plate tank was anchored with bolts, spaced at approximately 6 ft (2 m), and embedded 

in a continuous concrete pad. The bolts around the entire circumference were stretched, 
or more likely, pulled out from their embedment from 1 to 6 in (2.5 to 13 cm). However, 
there was no apparent buckling or other damage to the steel base of the tank. 

Visual inspection of several of the LPG tanks at the refinery, revealed no damage. Tliere 
were minor cracks in the concrete supports and some spalling of paint in the steel connec- 
tions due to working. The tanks were designed for 0.30g peak ground acceleration. As 
Illustrated in Figure 6.46, the tanks were heavily braced with diagonal braces with circular 
cross-sections . 

Figure 6.A7 shows a partial view of the refinery, Including several towers, heaters, boilers 
and a heavily braced steel stack. These structures are reportedly undamaged. The teas ma 
able to view some of the lower structures; no structural damage was observed. At the time 
of the ref ur.ii a i ssance, moat of the equipment within the refinery complex had not yet been 
checked for operabllity. There was concern chat some of the control equipment, and other 
minor operating equlpnent mig^t have been damaged. Lf>cal settlements may have damaged some 
equipment, as illustrated In Figure 6*48. The pipeway support structures that were examined 
showed no significant damage. 



west side. 
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Most of Che refinery was shut down during the earthquake for Its annual Inspection. Thus a 

serious fire hazard from the spilled oil fortuitously wan averted. [>i:ri[i^ the inwKtii^a- 
tioti, tlie company was eheclclng inur.h of tiiu equipment LlirwughouL Llie cuapicx i'oc aaoa^e, aad 
a large scale clean-up effort was under way. The seriously datnaged tanks were still not 
approachable because of the spilled oil. 

6.7 Concrete Batch H«nti Sendal 

This concrete batiti plant id probably a representative small facility for the nany thousands 
of similar (in size) Industrial or oanufacturing establishnents in the metropolitan area of 
Sendal. It was operating at the time of the Investigation. The facility ^uAtalned various 
types of structural damage to equlpmoiit and t.Hiik. sujjports, Inicklin}; of storage tank walls, 
damage to structural steel framing, etc. it is very possible chat this damage (and damage 
to similar small facilities), was not reported and is not included In the preliminary damage 
fitatistirs that were available to the LUNR team members. The plant was inoperaoie for two 
days after the earthquake while repairs were being carried out. iiecause most, ot the damage 
was to structural steel braces, it apparently was easily repairable. In many cases the 
bolted connections of the braces to th^- vertical loti carrying supports were sheared. 
Repairs were usually of two types: (1) the undan,3ged braces were realigned and the braces 
were welded to the gusset plates (in lieu of ttie previous bolting) and (2) danuged (presuoi- 
abiy buckled) braces were replaced with new ntiiaibers, which were also welded in place (irig- 
tires 6.50 and 6.51). The most remarkable feature of the repairs was how quickly the work 
was completed, particularly at a tiine when skilled labor was presumably in s'Mort supply. 
Sone serious structural damage had not yet been correcteei at the time of the ; n ves t i jja t i on; 
however, that ,e was not to operating "'cuiprnent -ind did not affect the day-to-day pro~ 

ductlon. Except foe some of the foundations and lower supporting structures, which were 
not damaged, all of the structures, tanks, and equipnent at the site are made of steel. 

A large welded steel place storage tank, containing sand and gravel, and rc^portedly full 
during the earthquake, which was supported on a massive concrete pedestal, suffered buckling 
along several locations at the base of the steel plate (Figures 6.52 and 6.33). It seems 
apparent that the buckling was caused by overturning forces, rather then by sloshing of the 
contents. The tank and Its superstructure and support structure did not experience any 
other damage. 

One of the light steel-franed structures at tlie plant was daxagcd, as sliown in Figure 6.ii4, 
apparently because of iaadequate lateral bracing. The differential disp lacoinent caused by 
the failure of the structure was responsible for danaric to a connecting; vertical steel iStack 
and associated piping. The stiffer first floor reinforced concrete structure was undamaged. 
A similar structure. Figure 6.55, located in the immediate vicinity of the plant and pro- 
perly braced with light steel cahlt? or rod bract^n, aid nut suffer aanwi.ije. ]he i.ittur tyi'e 
of cotiscruction ia quite coauioa in Scadai, and generally appeared to experience no signifi- 
cant damage. 
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Figure 6.50 Concrete Batch Plant, Sex\dal: view of the 

repaired supporting substructure of a cement 
bin and related equipment. The sheared bolts 
at the brace connections have been removed and 
the braces have been welded to the gusset plates. 
Some of the buckled braces have been replaced 
entirely. 




Figure 6.51 Concrete Batch Plant, Sendal: 
a detail of a replaced, and 
presumably buckled, diagonal 
brace. A number of similar 
repairs were carried out 
within two days after the 
earthquake. 



155 



Digitized by Google 




Figure 6.52 Concrete Batch Plant, Sendal: 
a large gravel-and-sand- 
storage tank experienced 
buckling of the welded steel 
plate at its base. 



Figure 6.53 Concrete Batch Plant, Sendal: a detailed view of the 
damaged base of the sand and gravel storage tank. 
Note the closely spaced anchor bolts. Similar damage 
occurred at several locations along the circumference. 
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Figure 6.53 Concrete Batch Plant, Sendal: a typical undamaged 
light steel-framed structure braced with cable or 

rod braces. 
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7. EARTHQUAKE PERFORMANCE OF TRANSPORTATIOM LIFELINES* 



7.1 INIRODUCTIOM 

The Japanese Ministry of Construction (JMOC) reported that 78 lilghway bridges had been dam- 
aged a» a result of Che June 12, 1978, Hlyagi-ken-okl earthquake. Xbere were, however, no 
reports of danaea to a niltltude of pedestrian bridges In Mlyagl prefecture* Only tboae 
bridges having an estimated repair cost of 1 million yen ($5,000) or more were included in 
an inventory of damaged highway structures. Although damage to bridges was principally con- 
fined to those structures within Mlyagt prefecture, some bridges sustained moderate damage 
la Iwate and Fukushitna Prefectures also. Of approxioateiy LOO bridges la Sendai, only four 
were reported as having been damaged. Two of those bridges were Inspected by UJNR teas 
members. The majority of damaged bridges were located in an area extending about 90 kll0llr~ 
eters northeast of Sendai (see Table 5.1 and Figures 5.3 and 6.1). 

The UJlOt iBBpeetion team visited 13 highway bridge and four rail bridge sites, viewing 
representative damage. Typical types of damage Included flexural and torsional cracking of 

concrete piers, displaced of dislodged girder bearing devices, settlements of abutments or 
piers, and vibratory induced settlements o£ fills at bridge approaches. 

Slr:ntf?cinf strong mott ni records were obtained from the Kaihoku Bridge, 63 ' r: :^: rrfi, in* of 
Ser.dai and Che Date Bridge about 75 km southwest of Sendai (just north of Fui.^ahiua City). 
Only the Kaihoku Bridge site was visited by UJNR team cnecnbers. Maxicnuni ground acceleration 
at Kaihoku was 294 gal, while maximum pier acceleration was greater than 500 gal. No 
ground record was obtained from the Date Bridge site. Maicimum pier acceleration was 475 



The Japanese National Railways stopped all trains following the earthquake until safety 
inspections could be made. Host danage was caused by blockage of track, by lands liding, and 
most train service was restored within 3 days folloHlng the earthquake. Heavy pier damage 
occurred at a rail bridge site which required 10 days to reopen. 

There was no reported damage to highway tunnels In Mlyagl prefecture. Only one railway 

tunnel on the Mf-J St ndjl f;hlr.kansen Line (fast train) northeast of Sendai was reported to 
have suffered cinuf, liairiine cracks in its concrete lining. 

The public bus system in Sendai was not adversely affected by the earthquake. 

It is reported that airline traffic to and from Sendai was interrupted only briefly while a 
quick inspection of Che airport was made by airport officials. Minor damage of the terounal 
was reported. 

No major damage was reported at Shiogama Port 18 km northeast of Sendai. Some pavement 
settleraunL was noted. One frou ii^ld strong motion record obtained from a SMAC B2 instru- 
ment at Sbiogaaa Port recorded maxiiaum accelerations of 266 gal in the N-S direction, 288 
gal In the E-W direction, and 166 gal vertical coiqponent. For further discussion of strong 
motion records, see Chapter 4 of this report. 

7.2 BRIDGE DBSICM CRITERIA 

A comparison of current (1978) seismic bridge design criteria used in the United States and 
in Japan la presented prior to the documentation of bridge damage. 

The bridges which were damaged in the June 12 earthquake in Japan were designed and con— 
structcd using pre-1971 design criteria. Most of the damaged bridges are two-lane struc- 
tures, situated In rural areas northeast of Sendai. The most notlcesble difference In the 
construction of bridges is the use of massive substructure elements. Most Japanese bridge 
piers are very large, massive appearing structures which are designed to resist seistoic 
forces. Snbtructures in the United Ststes ate designed for lower seismic force levels 
and rely on ductile behavior of columns. 



Prepared by James D. Cooper, Federal Highway Administration Washington, D.C. 
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Wnr purposes of eonpartng current U.S. and Japanese aelsmlc deslsn criteria the 1977 Anerl- 

fiii Ass'u I ,u 1 on of State Mlghway <i:id Tr iiiaportal I on Offlrlalo (AA3HT0) and the 1971 Japan 
Kn,!it AbiiOLidt 1 ui! f.JKA). "SpcciflcaiiLiiiij fur the Cui LUyudkc-RcolotanL DcoIkh uf tllKhway 
aildi'.es" are > < l ilered (sue Rcfsi 7.1 and 7.2). flic 1977 AASIITU ^dCvrla 1» an aUaplatiuu 
o£ the criteria developed by the California Deportoent o£ Traasportation in 1973. ^e 1971 
JKA criteria superseded provisions found in several different Japanese bridge codes, and 
were ct,tabllshed in order to give a common basis for the seismic design of bridges. They 
emphasize the oethod of evaluating seismic forces, the basic principles to be exercised 
for testing site soil eendltlens, and general provisions to be observed In structural 
dataillng. 

Both criteria allow for the use of three alternate approachou for determining design earth- 
quake force levels. The most coononly used is the equivalent static force method. For nore 
eooplex bridges^ either a response speetrun analysis or full djrnaale analysis can ba per» 
fomsd. The nore coamon, equivalant static force aathod used by both countries is eonpared. 

Table 7.1 eumnarises the 1977 AASUTO and 1971 JRA criteria. 

The approach is slnilar In that the lateral force design coefficient is comprised of fac- 
tors roiarinc location (A and v^'ICq), soil conditions (S and V2), and structure response 
(R/Z, F, and 6). In addition, the JKA criteria incorporates an liqporcance factor, v^. ihe 
vertical selsolc force Is generally not considered in either criteria, except in the JRA 

criteria for llio rl,-st/Mi of hrvirl rif.s ;»t the connection of ttie super and SObstructures* The 

vertical Jeaign seismic cottiicieiit of = 0.1 is ut»t;d. 

Use of either criteria requires the coi^tation of the fundaoentai period of the bridge* 
The AASUTO criteria specifies the following fomila to approximate the period (r) of the 
structure: 



which W is the dead load and P is the total uniform force required to cause a 1-inch inaxiautD 
horizontal deflection of the t t il irid^e. The JRA presents .several alternate equations for 
use in estinatlng the period of the bridge which are dependent on the type of structural 
systen, type of foundation, material of the pier, and direction of notion. The mettiods used 

to calrnlito period give slightly varying values which, when used in conjunction with a 
design spectra, give greatly varying values for design force levels. 

For purpoiea of conparing the AASUTO and JBA criteria, the lateral force design coefficients 
are plotted in Figure 7.1. The conparlson is nade for a site having a depth of alluvlua 

between 2^^ 46 inetLTs (80 and 130 iuL-t), in a highly selsDic area. For this condition, 

AASUTO requires A = O.^g and JRA requires • l.Q, Additionally, the JKA importance 
factor, V3, which is 1.0 for bridges on expressvaya, general national highivays, and princi- 
pal prefectural hlghvays, etc*, and 0*6 for all others, la assuoed to be 1*0* 

For the conditions assumed, the value of tlie JllA lateral force design coefficleut ("i-u) var- 
ies between 1.6 and 2.6 times the value given by the AASUTO criteria. Hie AASitTO criteria 
are applicable to structures having a period less than or equal to 3 seconds while the JbA 
criteria arc applicable to structures having a natural period less than 5 seconds. The 
discontinuity of k^^ at T - 0.5 is due to the increase of the oMsdif ication factor 0) to 
reflect structural dynamic response and ground conditions. The larger JRA lateral force 
design coefficients would thus require the use of large substructure designs to resist 
earthquake forces when compared to designs using AASHTO criteria. 

Seismic design criteria for highway bridges are currently (1979) under review by both the 
Japanese Ministry of Construction and the Federal Highway Administration. Both countries 

are in the process of revising requirements for determinin ' ; : iLr.Ic clesl/;:'. force IcvcIl^ 
and structural details to provide ioproved resistance to eartnquake induceu ground notion. 

7.3 BRIDGE DAMAGE 

Significant bridge damage occurred during the June 12 earthquake. Given, liowever, the mag- 
nitude of the earthquake and the fact Chat siost bridges daukaged vare pre-196Q vintage, 



T - 0.32/ W/P 
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Criteria 



TABLE 7.1 

Equivalent Static Force Method Code Comparison 
1975 AASUID 



1971 JBA 



Lateral Force 
(BQ> 



CFW 



Lateral Force 
Ossign Coefficient 



€• Mi 

Z 

Graphs of C as a function of bridgt 
period and depth of alluvium are 
glv«a where: 



expected to bedrock 

acceleration and related CO 3 
U.B.C. seisnic zones, 
nonaalised rock reepooee as a 

funrtlon "f Sr!dge period, 
soii aaiili I icacion spectral 
ratio as a function of bridge 
period* 

reduction factor for ductility 
and rlak> 



k - 0.2 

e is a modification 
factor ueed %rtian the 

bridge period is > 0.5 
sec. and is a function 
of period and ground 
condition, where: 

Vj = seismic zone factor. 
> soli factor t>a«ed on 

depth of alluvium. 
- laqiortance factor 
based on qualitative 
definition. 
Ikq " standard horizontal 
design aelsalc 
coefficient - 0.2. 
0 • oodiflcation factor 
as a function of 
bridge period when 
period > O.S sac. 



Franlng Factor 



F ■ 1.0 for single columns. 
F - 0*8 for continuous fraiMi. 



None 



Vertical Force 
Design Coeff . 



None 



>• 0.1 for design of 
bearing between sub 
and superstructure. 



Design Force for 
Selsolc Earth 
Pressure 



No 



Yes 



Hydrodynanlc 
Pressure During 
Earthquake 



No 



Yea 
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Figure 7.1 Comparison of AASHTO and JRA I»atexal 
Force Design Coefficients 
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•one dating back to 1930, brldgea performed relatively well. The area of bridges affected 

extended from 20 km south of Sendai to 90 km northeast of Sendai. Kefer to Figure 6.1 for 
locatloQ o£ bridges discussed. Table 7.2 sumoiarizes the performaace ot chose bridi^es 
Inspected follflHing the earthquake. 

The IfJllR Inapectloo team arrived In Japan 10 days following the earthquake. The response 
plan to repair damage- anJ open bridges incorporated by the Japanese Government was most 
impressive. Three bridges in or near Sendai which suffered major pier daiaage were in Che 
process of being repaired and open to traffic* Other bridges in outlying areas were either 

in various stages of repair or plans were being made to build replacement structures* 
Following is a description of damage CO Choae visiced by Che UJNR inspection teau. 

Kin-noh Bridge 

The Kin-noh Bridge, (Figures 7.2 - 7.10) located about 65 km northeast of Sendai on National 
Highway, Route 346, is a two-lane, 15 span multt'-configuration structure that is 573 meters 
long. The structure was constructed in 1956 and is coii^>ri8ed of nine simply supported plate 
k^lrdc-r spans, each 28 m in length; four of the spans are totally suspended; five are simply 
suppLjrted through-truss spans, each 60 m In length; and one is a simply supported plate gir- 
der span, 23 m in length. Three major eartliquakes have occured In the region since con- 
struction Of the Kin-noh Bridge: (1> in 1962 (2) on February 2U, in which significanc 
damage occurred at one of the abutments and to the bearing devices; and (3) the current 
e.^rthquakp In whirh one of the suspended spans dropped. Repair work from the February 20 
earthquake was underway at the time of the June 12 earthquake and had included the replace- 
ment of bearinijr, on the five truss spans and tying the truss spans together with rcstrainers. 
The abutment at Che end of Che nine plate girder spans had been shored, but not repaired. 
Miyagi Frefoccure has proposed replacing the bridge at an estimated cost of 16 million dol** 
lars (3.2 billion yen). 

Yuriagc Bridge 

The lO-span Yuriage Bridge (Figures 7.11 - 7.18), constructed In 1962, Is located 1.2 ka 
from the mouth of the Natori River on the outskirts of Sendai and is 107 km from the epi- 
center. It has seven prescressed concrece T-girders each 43 m in lengch and three main 
spans which are twin cell, segmentally constructed, post-tensioned concrete box girders, 60, 
00, 60 neters in length. The bridge was open to one lane of traffic because of heavy column 
daciage. :Co damage was reported to the three-span box atructure. jixcdvatioH at the first 
pier at the opposite side of the bridge was being done to determine the extent, if any, of 
foundation damage. 

Sendai Ohashi Bridge 

The Sendai Ohashi Bridge over the Hirosc River on Japan National Highway, Route 4, con- 
structed in 1963, suffered heavy pier damage (Figures 7.19 - 7.27). The structure is a 
nine-span, simply supported composite concrete and steel plate girder bridge with 34 m span 
lengths. The bridge had been retrofitted at points across the joints at the piers with 
ateel restraining plates bolted Co Che girder webs. The bridge was closed to traffic the 
night of June 12 while temporary pier supports were constructed at two of the more severely 
damaged piers* 

Although the UJNR team inspected the bridge site only 11 days after the earthquake, repair 
efforts were well underway, making it impossible to view much of the original damage. 

Abukuma Bridge 

The Abukuma Bridge (Figure 7.28), located about 20 kiu south of Sendai on National Highway, 
Route 6, near the Junction of Route 4, is a two-lane, 17-span structure 571 meters long. 
The structure is comprised of eight plate girder approach spans, each 18 m In length, seven 
Lhruugh truss-spa:u, , each 55 m in length, which cross the Abukuma tviver, and two 13 ni plate 
girder spans. Significant damage occurred Co Che portal frame piers which were being 
repaired at the time of the inspection (Figures 7.29 and 7.30). 
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TABLE 7.2 

Summary ot Highway bridges inspected 



Naine Map Location No. Type Main Danage 

from Fig. 6.1 



Kln-noh 35 

YUriagc 22 

Sendai 37 

Abukuna 2i 

Kaihoku 29 

Tenno 30 

Kltakatti 36 

Klnuuka 27 

Halya 34 

Toyoaa 33 

Ono 26 

Ilnogawa 31 

Yanaitu 32 



Steel Place Girder, 
Through Xruas 

Prestressed Coacrata 

I-Glrders and Concrete 
Box Girder 

Steel Plate Girder 

Sls^uI I'iaLe Girder 
Steel Box Girder 

Steel Plate Girder 
and Tied Arch 

Steel Deck Truss 
Steel Plate Girder 
Steel Gerber Truaa 

Concrete T-HeaD 

Steel Plate Girder 

Steel Box Girder 
Steel Deck Truas 



Uown-in span dropped out, 
bearlAga dislodged. 

Massive pier cracking* 

bearing f!i s 1 odgoent; 
pier settlement, 
abutinent cracking. 

Hasslve pier cracking 
footing damage, bc-arlngs 
dislodged, abutmeat 
damage. 

Hler cracking. 

None. Settlenent of 
roadvay at abutment. 

Pier cracking. 



None. Apron settlement 
at abutaent. 

Bearing dlalodgenent; 
possible pier tilting. 

Brittle fracture of top 
chord member and buckling 
of top lateral truas 
bracing. 

Fleniral cracking of 

T-beams and shear crack- 
ing of hloge seats; 
abutnent cracking* 

Abutment damage, bearing 

darna>',e, and posalble pier 

tilting. 

Bearing dislodged. 

Atjut::it.'iit settleaenc and 
bearing damage. 
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Figure 7.3 



Kin-noh Bridge. View of the collapsed 
suspended plate girder span. Similar 
damage occurred to bridges in the 1971 
San Fernando and 1976 Guatemala earthquakes 
because of lack of superstructure restraint 
and small bearing seats. Suspended spans 
are no longer used in seismically active 
areas. (Courtesy J.M.O.C.) 



Figure 7. A 




Kin-noh Bridge. The only 
visible pier damage occurred 
at Pier 8, which is adjacent 
to the collapsed suspended 
span. Shear cracking extended 
125 cm through the 152 cm deep 
pier, approximately one-fourth 
the way up the column from 
grade. 
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Figure 7.5 Kin-noh Bridge. The girders at Pier 8 displaced 
longitudinally toward the abutment 55 cm allowing 
the unrestrained suspended span to drop off the 45 cm 
hinge seat. The movable girder bearing plate came to 
rest at the edge of the pier cap. The fixed bearing 
on Pier 7, the opposite side of the suspended span, 
displaced longitudinally 0.5 cm. 

Figure 7.6 Kin-noh Bridge. Evidence of minor transverse displace- 
ment of the main girder with broken keeper. This 
reportedly occurred at the time of the February 20 
earthquake. 
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Figure 7.7 



Kin-noh Bridge. Damaged abucmenc from the February 20, 
1978, 6.7 magnitude earthquake. New web stiff ener at 
point of temporary shoring. 



Figure 7.8 Kin-noh Bridge. Detail of bearing damage and abutment 

ledge failure, from February earthquake. Note extenssion 
of anchor bolt caused by 20 cm displacement of span 
cowards abutment. 
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Figure 7.9 Kln-noh Bridge. Extension of anchor bolts at Pier 6. 

The foreground shows a portion of repaired lower 
chord truss member. 



Figure 7.10 Kin-noh Bridge. Bearing restraining device used on 

the repaired bearing supports of the truss spans. The 
restrainers were placed before the June 12 event. 
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Figurti 7.ii General view of the Yuriage Bridge showing the first 
two columns which were heavily damaged. 



Figure 7.12 Yuriage Bridge. Liquefaction in the flood plan below 
the bridge. 
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Figure 7.13 Yuriago Bridge. Evidence of light girder 
impacting with the abutment and pronounced 
shear cracking of exterior girder at the 
bearing. 




Figure 7.14 Yurlage Bridge. Pier 1, 
founded on a caisson 19 m 
deep and 2 m by 4 m in plan, 
suffered heavy shear cracking. 
The pier cap was reported to 
have settled uniformly 5 cm. 



w 
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Yuclage Bridge. The face of Pier 1 siiuwlng 
severe distress. The plaster of par Is patchwork 
Is used to determine if additional pier cracking 
has occurred. 




Figure 7.16 Yurlage Bridge. Detail 



showing 1 cm offset of 
cracking, indicating torsion 
in pier. 
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Figura 7.17 Yuriage Bridge. Temporary girder supports at Pier 1. 

Bearinga showed evidence of girder displacement - broken 
keeper and containment plates. 



Figure 7.18 Yuriage Bridge. Evidence of 8 cm of lonRitudlnal move- 
ment as shown at the handrail expansion joint. Pier 2. 
However, there was no evidence of damage to the girders 
or the second pier. 
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Figure 7.19 General view of the Sendai Ohashi Bridge . The deck arch 
bridge In the background, which is comprised of two 
steel plate girders with cross bracing and supported on 
slender circular columns, carries an Industrial water 
pipeline and was reportedly undamaged. 



Figure 7.20 Sendai Ohashi Bridge. Temporary cribbing used to support 
the steel plate girders. 
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Figure 7.21 Sendal Ohashi Bridge. Typical pier configuration. The 
cross pier dimensions are approximately 5 m x 2 m. Note 
the massive pier caps. (Courtesy J.M.O.C.) 

Figure 7.22 Sendai Ohashi Bridge. Typical pier damage at the con- 
struction joint between pier and cap. The vertical rebars 
are buckled across the joint. Significant concrete spall- 
ing is evident. Horizontal cracking around the pier was 
discovered upon excavation of soil around the piers. 
(Courtesy J.M.O.C.) 
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Figure 7.23 Sendal Ohashl Bridge. Detail showing buckled vertical 
rebar at the construction joint. Strong motion records 
in Sendai indicated approximately 100 gal. vertical 
accelerations. (Courtesy J.M.O.C.) 



Figure 7.24 Sendai Ohashl Bridge. Typical damage to the base of a 
pier before repair. 






Figure 7 •25 Sendai Ohashl Bridge. Typical damage being 
repaired at the base of the pier. Note the 
outward buckling of the underf oruied vertical 
rebar. The concrete cover had been roughened, 
the footing strengthened, and additional rebar 
placed to strengthen the pier. 




Figure 7.26 Sendai Ohashi Bridge. Details 
showing the added reinforcing 
concrete form work. The pier 
thickness will be increased on 
each side by 50 cm at the top, 
tapering to 70 cm at the base. 
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Figure 7.27 Sendai Ohashl Bridge. Abutment damage. Bearing plate 
broken and evidence of girder impact at abutment. 



Figure 7.28 General view of the Abukuma Bridge. Note the trace of 

pier cracking on the pier In the foreground and scaffold- 
ing at and surface preparation of the pier in the background. 
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Figure 7.29 Abukuuia Bridge. Outward buckling of vertical 
rebar at one of the damaged piers. 




Figure 7.30 



Abukuma Bridge. Typical 
repair of a damaged pier in- 
cludes epoxy injection of 
cracks, epoxy covering of 
buckled rebar, preparation of 
existing concrete surface to 
accept fresh concrete, em- 
placement of vertical rebar 
into the footing and horizon- 
tal rebar into the pier, and 
an increase of the gross cross 
sectional area of the pier 
with new concrete. The tech- 
nique Is similar to that used 
on the Yurlage and Sendal 
Ohashl bridges. 
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Kaihoku liridge 



Thy Kaihoku Bridge, located on Priaclpai Koute 31, approxtinateiy 45 km northeast ot :>endai, 
is a two-lane, five-span eonttnooaa single call steel box girder, 285 n In total length 
(Figure 7.31). 

The bearings are movable at all piers except Pier 2, Figures 7.32, where a SMAC-B type 
strong m.otlon accelerograph is located. Hydraulic dampers acting in the longitudinal direc- 
tion have been ineerporated Into the bearing aystea. All piers and the abutments are 
skewed. A free field SMAC-B instrument was located on rock between Pier 1 and Pier 2, 
approximately 30 meters from the structure. The axes of the pier and free field instrunents 
were aligned with principal axes of the bridge* "nie peak recorded accelerations are: 

Longitudinal Vertical Transverse 

Free Field 200 gal 113 gal 29 A gal 

Pier 300 gal or mora (off scale) 138 gal 338 gal 

The only damage noted was rninor 1 1 l.'tntrn t of in abutment wing wall. Closer inspection by 
Che Japanese revealed detachment of mortar near anchor bolts of the dampers. There was not 
visible daaage to the piers or bearings, and no evidence of girder inpacting with the east 
abutnent. 

Tenno Bridge 

The Tenno Bridge, Figure 7.33, located approximately 50 km northeast of Sendai on National 
Route A5, is comprised of several steel plate girder ai i roricli spans with a tied arch main 
Span. The total bridge length is 367 meters. The only damage occurred at the southwest 
wall pier where a 45* crack extended from the pier cap to a point one-third the way down the 
pier. Traffic was limited to one lane at the damaged pier. 

Kitanami Ohashi Bridge and Dike 

The seven-span, AOO m Ritskami Ohashi Deck Truss Bridge, completed in 1976, crosses the 

Kitakaml River, 60 km northeast of Sendai on Principal Route 23 (Figure 7.34). The struc- 
ture sutfered iio visible structure damage although there was minor settlement of the abut- 
nent apron. The structure was designed with the latest Japanese criteria and incorporated 
new abutment bearing detalla (Figure 7«3S)' Significant damage occurred to the dike and 
roadway along the Kitakaml River south of the bridge site, (Figure 7.36). The most severe 
dacus;e occarred along the approximately one-half kilometer length in which tiie roadway 
on top of the dike settled about 1.5 m. The roadway was closed to traffic, the dike sand- 
bagged, and contlnuottfl steel sheet piling was being driven to stabilise the dike. 

Kimazuka Bridge 

The Kimazuka Bridge, constructed in 1931, is located on Principal Route 32, approximately 33 
km northeast of Sendai (Figure 7.37). It is a 19-span, simple supported, steel plate girder 
-Strut lure 236 m In length. Damage occurred to the top of the piers where bearing shoes 
pulled out of the top of the portal frame (Figures 7.38, 7.39). Longitudinal moveneat of 
the girders almost exceeded the bearing area of the bent cap. Sand boils and ground crack- 
ing were noted at the bridge site. 

Maiya Ohaahi Bridge 

The Kaiya Ohashi Bridge, Figure 7.40, is a three-span Gerber-truss bridge located on 

National Highway Route 3i2 a;ii,ro:-ii.ii;:tely 62 km northeast of Sendai. The 181 mpter long 
truss bridge, constructed in 192<i, was closed to traffic because of a brittle iraccure 
through the rivet holes of the top chord channel members at the first pier. Figure 7.41. 
Four steel plates had been welded around the top chord members. Some of the small steel 
angle top lateral bracing members were buckled in the vicinity of the pier. Figure 7*42. 
Ka d ma^.f- was reported to either of the piers or abutmenta. The Maiya Bridge is scheduled 
to be replaced. 
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Figure 7.31 General view of the Kaihoku Bridge. (Courtesy J.M.O.C.) 



Figure 7.32 Kaihoku Bridge. Pier 2 showing the SMAC-B2 instru- 
ment (which recorded a peak acceleration greater 
than 300 gal. in the longitudinal direction) and 
the fixed bearing and hydraulic damper system. 
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Figure 7.33 The main tied arch span of the Tenno Bridge with the 

cracked wall pier In the foreground. Note Che smaller, 
pedestrian bridge in the background. 



Figure 7.34 Kltakaml Ohashi Bridge. No structural damage was 
reported. 
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Figure 7.35 KiCakaml Ohashl Bridge. Detail of a seismic bearing 
device at the abutment. 



Figure 7.36 Road damage and temporary stabilization of the Kitakami 
Dike near the bridge site. 
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Figure 7.37 Spalled concrete at bent cap of Kimazuka Bridge. 



Figure 7.3S Longitudinal displacement of superstructure. Note the 

temporary structure which spans the dislodged main span. 
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Figure 7.39 Vertical displacement of dislodged span. 



Figure 7.^0 The Maiya Ohashi Bridge. 
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Figure 7.41 Maiya Ohashl Bridge. Steel plates welded to the top 
chord channel members. Note the clean fracture at a 
line passing through the centerllne of the rivet holes 
of the lattice bracing and the permanent 2.5 cm 
separation. 



Figure 7.42 Maiya Ohashl Bridge. Buckled lateral bracing of the 
overhead truss. 
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Tpyoaa Bridge 



The Toyonia Bridge Is a 13-span concrete T-beara bridge constructed in 19A5, (Figure 7.43). 
Prior to the earthquake, the bridge, iocated about 60 km aorcheaet o£ Sendai, wae restricted 
to autoaoblle traffic because of danage suffered during the February 20» 1978t earthquake* 
The bridge was closed following the June earthquake. Flexural Induced cracking of the glr~ 
decs occurred at the center o£ the spans and at the haunched ends over Che piers. Shear 
cracking was also noted at the comers of the concrete hinge seats of several suspended 
spans. The ground motion, between 0.1 and 0.2gy waa auffielent enough to induce pawenent 
cracking of the roadway. 

7.4 HIGHWAY DAMAGE 

Widespread highway damage (e.g., Figure 1 .Ul*) occurred in the region north and east of Sen- 
dai. Typical damage included settlement o£ bridge approaches, cracking of pavements, fail- 
ure of roadway embankaents* and blockage of roads from rocks lldes. This type of damage has 
been documented in reports on previous large earthquakes in Alaska, Japan, California, and 
Guateniala and Is virtually inposslble to design against. 

A major toll road expressway, owned and operated by the Japan Highway Fubiic Corporation, 
experienced pavement cracking in numerous spots where fill material was used* Additional 

settlement occurred at the approach to bridges .iloi.,; the expressway which was closed from 
the time of the earthquake until 7:UQ a.m., June i'), while temporary repairs were made. 

Reinforced concrete approach settlement slabs were used at many of the bridge abutments* 
Use of the slabs forced settlement to occur at the end of the slab instead of at the abut'-^ 
ment, as Illustrated in Figure 7*45* 

In areas of rugged terrain, particularly along the West Coast of Japan, roadways are pro- 

tcc'cJ af>,ainst earthquake Induced landslides by stabilizing tiie steep slopes above the road- 
way with a covering of shotcrete. Roekslide.q are contained or controlled by einplactng wire 
mesh screening which is anchored and hung fron the crest of the slope and extends down to 
the roadway or by the construction of rock bins at the base o£ the roadway cut (see figures 
7.46 and 7.47). these techniques worked quite well In the January 1978 Off-Izo earthquake, 
but were not utilized in the area affected by the June earthquake. 



The Japanese electric i^iiroad serves a viLai role in Japan. Ti.c Lii,^ii is rolled upon by 
most Japanese in major cities such as Sendai as tlie means of cocamuting between liome and 
work. The train is also the most popular form of intercity travel within Japan. Major dam- 
age was reported at one rail station when the retaining wall supporting the boarding plat** 
form collapsed, resulting in track blockage. The main Sendai train station, including the 
Structural portion of the o Icctr if icatlon system, was reportedly undamaged. However, the 
trains were inoperative because of massive pcwer failures. Several rail bridges were 
severely damaged and are discussed below. 

Eai River Ball Bridge 

The Eal River Bridge (Figure 7.48), owned by the Japanese National Railways (JNR), is a dual 

eight-S!;nn atccl plate girder "qtrirturo If'i 7\ tr. !rn:_rh, v'^icli i Icnted 40 kin northeast 
of Sendai. The superstructure ii. aupiJur L i;> uuij^iui uiccJ c^^acrete gravity piers 

on caisson foundations. Ground acceleration in the area was estimated by the Ministry of 
Construction to be 200-230 gal. Two piers were severely damaged when large wedged shaped 
sections of concrete dropped out below a construction joint. 

The JJ'iR Mew Sendai Shinkanscn Trunkllne 

JNR is constructing the New Sendai shlnkansen Irunkline, a series of elevated structures for 
the fast train, extending through Miyagi Prefecture to the northern tip of Honshu. The 

line is scheduled for completion in 1981. The majority of the elevated structures, a series 
of preatressed concrete X, I, and box girders with varying coniiiguratious of single and 
multiple column bents, are conqtleted and experienced varying degrees of damage, namely to the 
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Figure 7.43 General view of the Toyoma Bridge which was 
closed to traffic. The columns in the back- 
ground support an independent steel box girder 
pedestrian structure which was undamaged. 

Figure 7.44 Typical Road Fill Failure. 
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FILL 



R/C STTTLEMENT SLAB 



CIRDER 
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Figure 7.45 Detail of Reinforced Concrete Approach Settlement Slabs. 



Figure 7.46 Wire mesh screening used to contain land and rockslides along 
highways . 
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bearing ghoea and coltians (s«« Figures 7.49 - 7.54). Danage was concentrated to chose new 

structures located approximately 30 to 40 kllum^'iu-ry OOCtheaBt o£ Seadait All strucCures 

were designed using die 1971 Japanese scisouc code. 

7.6 lUMHEL PERfOBMAlCE 

Five shortp umeinforeed eoAcretc-llned highway tuooele throur^h rock, located about 20 km 
northeast of Sendal on National Highway Route 45, suffered no apparent damage (e.g., Kl^jure 
7.5 5). The Japanese National Railways reported that one concrete-lined tunnel On Che Sendal 
New Shinkansen Llae about 40 km northeast ot i>eudai tiad tiairiine cracking. 

7.7 CONCLUSIOM 

The June 12 Mlyagl-ken-okl earthquake demonstrated the ability of the Japanese Government, 
both local and national, to respond to the advertie conditions created by a isajor natural di- 
saster. Specifically, the prompt enactment of their disaster response plan alleviated major 
problena which could have resulted Icon the prolonged loss of oajor transportation routes. 
The plan allowed for the Immediate identification of damaged atruetures, eoergeney temporary 
repairs, and initiation of permanent repair within a matter of days after the earthquake. 
Major routes, although severely damaged, were opened to traffic within three days aft«ir tlic 
earthquake* 

Bridge substructures which were severely damaged were massive reinforced concrete piers, 

which rc&ponded csGcntlally as neo-ductile, ri;i>ld bodies to the earthquake motion. In spite 
of the major damage of these elements, the designs proved satisfactory in that collapse was 
avoided and the bridges remained operational for eacrgeticy use. Although this typii of coo- 
struction proved successiul, it would be prohibitively expensive for u«ie in the Uaitcd 
States where the philosophy is to utilize more ductile, energy absorbing designs. 

Bvidence of pier tilting and abutment movement existed which probably caused rather exten- 
sive daoagc to bridge bearing devices. This type of movement is exceptionally ditfirult tO 
control. Thi« damage indicates the ne«d to perforia la^depth site liivesci^atlous in ciCeas 
where high water tables exist and to make special considerations in foundation design. 

The Rln-noh Bridge was being repaired as a result of damage induced by the February 20 

earthquake. Bearings were being strengthened and spans were bein(> restrdinod at cJieir 
expansion joints. The failure o£ the suspeaded span which aad not betjn retrolitted could 
be expected and demonstrates once again the need to provide for continuity of the super- 
structure across all joints. 

Damage to bridges inflicted by this and past earthquakes reinforces the need to consider an 
agressive retrofit program for those structures built under older seismic design criteria. 
The most vulnerable components requiring retrofit are bearings and columns, including con- 
nections into the foundation. Modest investoents can significantly reduce future damage and 
help to avoid collapae of older, important structures. 

As In previous earthquakes, significant damage occurred to roads In the area of strong 

ground shaking. Embankments fall, fill •.aaterlal settles, and land- and rockslldes niock 
roads and trackage. These types of damage are difficult to control, althou^^h stabilisation 
and control techniques utilized by the Japanese do help. Special consideration, including 
the use ot control and stabilisation techniques described earlier in this chapter and/or 
the development of specific oiargeney response plams In susceptible areaa, ahould be given 
to Chose inportaat routes which must remain open following a major earthquake. 

Given the oagnitude of the Mlyagi-ken-oki earthquake, transportation structures in general 
performed very adequately. Air, train, bus, and highway travel, although temporarily iater~ 
rupted, did not adversely hinder emergency operations or affect the general movement of 
coomeree or people. 

7.8 RgFEKBHCES 

7.1 "Earthquake Resistant Design for Civil Engineering Structures, Earth Structures, and 
Foundationa in Japan," compiled by the Japan Society of Civil Engineers, Tokyo, Japan, 



7.2 "Standard Specifications for ilighway bridges," iwelfth Edition, Ajoerican Association 
of State Highway and Transportation Officials, Washington, D.C., 1977. 
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Figure 7.49 The Natori River Bridge Is a three-span continuous single 

cell reinforced cast-ln-place concrete box girder structure 
on 3 m X 6 ID piers approximately 8 meters above grade. 
Typical damage included cracking in the central part of 
the pier where the gross cross-sectional area of vertical 
steel was reduced. 



Figure 7.50 Natori River Bridge. Detail of spalled concrete at the 

Natori River Bridge site showing the buckled vertical rebar. 
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Figure 7.51 Typical structures which experienced pier cracking 
near the Rifu Construction Office of the Sendai 
Shlnkansen Construction Bureau, JNR. 





Figure 7.53 Tensile cracking of space frame tie beams near the 
Rifu Construction Office. 



Figure 7.54 Failure of a bearing plate supporting a single cell 

box girder near the Higashi Sendai Construction Office. 
Girder displaced laterally 50 cm. 
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8. LU^USFACTIOII AMD OAHACB TO DIKES* 



8.1 IHTRODOCTTOW 

The June 12, 1978, Hi,yagl-ken-ok.l earthquake caused soils to liquefy at several i>iL«i«> un the 
coastal flood plain bordering the Bay of Sandal. The engineering structures most exten- 
sively daoaged by liquefaction were flood-control dikes conposed of earth fill. The damage 
consisted prlnarily of cracking, settlement, and minor lateral spreading and slumping. (Hir- 
ing a trip to Miyagi Prefecture on June 26, I'^/rt, six situb were visited where dike damage 
had occurred (Figure 8.L). Additional Information on earthquake-Induced dike damage was 
provided by officials of the Public Works Research Institute (FHRI), the Japanese goveraneat 
agency charged with hiiilcllng and oalntalnlnp; river works. Llque faction-Induced danage also 
occurred in an uncoiupacted sand fill in the port of ishlaooakl* 

8.2 SUMMARY OF DIKE DAMACB 

Reported damage sites are sfattered It: hii arc: expending froin the Abukuina River on the south- 
west to the mouth of the New Kltakaiai River on the northeast (Figure 8.1). Within this 
region, daaiage occurred along parts of the Abokosa, Matori, Klrose, Yosblda, Bal, Naruee, 
Old Kirakair.I, and New Kltakami rivers (Figure 8.1, Table 8.1). Most or all sites arc under- 
lain by unconsolidated Holocene coastal flood plain deposits; a few may be underlain by 
Hoiocene jlluvlal fan deposits (Geological Survey of Japan, 1968; Geologic Map of Miyagi 
Prefecture). Nany of the daaaged dikes are founded on river channel deposits less than 500 
years old. Because of the proxlnity of all dikes to rivers, the water tables under them are 
close to the ground surface at all times. A total of 28 linear kllocieters of dikes was danr- 
aged In this earthquake, and total repair costs of dikes and other river works amounted to 
about 10 billion yen (approxinately $S0 ■lUlon) (Ministry of Construction of Japan, unpub^ 
llabed data). Host of this daaage vas caused by liquefaction. 

The utkeH are c-ompoKed I'liiefly of compacted sand. They are built tilrectiy on alluvial fan 
or flood plain sediments with little or no ground Improvement. Host dikes are several 
oMters high, several aeters wide at the crest, and have side slopes of 2 Borlsontal: 1 Ver- 
tical or less. Ar the time of the vf^it, repairs tc, the dikes were already well advanced. 
The repairs consisted of regradlng and filling cracks, placing sand bags, and driving steel 
sheet piles to reduce seepage under the dikes. 

8.3 GEOLOGIC grTTIHG 

Most sites of damage are on the coastal plain bordering the Bay of Sendai; a few are on the 
■srgln of Natotl River alluvial fan and aay be underlain by alluvial fan deposits (Geologi- 
cal Survey of Japan, L968; Geologic Hap of Miyagi Prefecture). The coastal plain sediments 
are unconsolldaced Hoiocene gravels, sands, silts, and clays primarily deposited by rivers; 

beneath most dikes these deposits are several tens of meters thick (Hase, 1967). The river 
deposits are of three main types: channel, natural levees, and back marsh deposits (lohoku 
Regional Construction Bureau, MoC, unpublished data; H. Nakagawa, Tohoku University, unpub^ 
llshed data). Engineering structures including dikes founded on cliannel or back marsh 
deposits performed relatively poorly during the earthquake. Liquefaction occurred most conr 
■only In channel deposits. 

Perfonanee of engineered structures founded on natural levee deposits varied from place to 

place. These deposits are generally thin, and tlio perf uricance of .strkictures was therefore 
Strongly influenced by the materials under ly lag the natural levees (11. Nakagawa, Tohoku 
University, oral conanicatlon) . Structures near the coast, founded on beach ridge and 
dune sand deposits sustained little damage in the earthquake. Natori River alluvial fan 
aaterlals consist primarily of gravel but also contain a few thin layers of sand and silt 



(Base, 1967). 



Prepared by David K. Keefer, U.S. Ceological Survey, Henlo Park, California. 
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TABLB 6 a 

DIKE DAMAGE IN MIYAGI PREFECTUKE 



Total length of dike 
affected by cracking, 
seetlenent, lateral 



River 


. 1 


Number of 
damage sites 


Bpreadlng, or slumping 

(kilometers) 


Abulctma 


laft 


2 


0.38 




right 


5 


0.68 


Natorl 


left 


11 


1.87 




right 


6 


2.17 


HlTOse 


left 


0 


0 




right 


5 


0.38 


Yoahlda 


left 


9 


0.51 




right 


12 


5.50 


Bai 


laft 


5 


2.90 




right 


6 


0.21 


Naruse 


left 


13 


0.79 




right 


10 


1.08 


Old Kltakanl 


laft 


3 


0.15 




right 


9 


0.29 


Nev Kltakaal 


left 


16 


7.13 




right 


17 


4.13 


TOTAL 




129 


28.17 



Tafornatlon furnished by the Tohoku Regional Construction Bureau. 



Right or left relative to an observer facing downstrean. 
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8. A FIELD OBSERVATIONS OF DIKE DiVlAGE 



8.4.1 Matorl River (Sites j and 2> 

Lateral apreads, flaauraa, aod sand bolla wara apparently vldeapread along che Natori River 
for 3 ka upstream from its mouth (T. Tazakl, PWRI, oral communication). In this area Che 

flood plain is underlain by fluvial sand that extends to a depth of 15 • or greater (Haset 
1967). Iwo damaged dikes in this area (Figure 8.1) were visited. 

At Site I, liqaefnctlon caused slumping, lateral spreading, and settleiner.t cT ..p to 1.3 n 
along a 160-ni-lung t.ccLioa of the dike (Figures 8.2, 8.3, and 8.4). Lonjiitui-iuai cracks 
several tens of meters long opened in the dike crest. Between the dike and the river, 
fiaeorea striking obliquely to the dike formed, and sand was ejected from them (Figure 8.5). 
Other fissures trending parallel to the dike and the river formed near the river bank, more 
than 100 m froi;; tl.c base of the dike. The occurrence of fissures and sand boils in ground 
away from the dike indicates that liquefaction cook place primarily in material beneath the 
dike and not In the dike material Itself. 

The con: inu ration (Figure 8.4) and composition of this dike are typical of those seen 
thr uu.-tiou ( ."iya^i F I L> f Lure. The dike is .jii^iosed primarily of compacted, fine to medium 
sand. It rises 2 o above the high water level of the river and is 4 m wide at its crest. 
Its rlverward flank has a slope of 2B: IV. The opposite flank descends aa a series of 
slopes (2H: IV) and benches to the agriculture land beyond* 

The damaged S' ; i ;o:i is built on a former channel abandoned by the river less than 500 years 
ago* Beneath the dike, fluvial sand extends to a depth of at least 60 m (Uase, 1967), and 
■ach of the top 15 m of sand la fine grained, loose, and well sorted (poorly graded) (Tohoku 
Ibeglonal Conatructlon Bureau, KoC, unpublished data). 

Liquefaction previously took place at this site during a M 6.7 earthquake In February 1978 

(T. Tazakl, PS^I, oral communication). The same section of dike «aS affected and the same 

materials liquefied in both the February and June earthquakes. 

At Site 2 (Figure ti.l), the dike is contained by a concrete retaining wall (Figiures 8.6, 
8.7, 8.S, and 8.9). A section of the retaining vail several hundred meters long moved about 

30 cm r owaril thi fiver. Longitudinal fissures opened in the dike behind the retaining wall 
and in a concrete pavement along part o£ the dike. The dike also settled by as sxich as 
30 cm. This site, at the mouth of the river, la underlain by at least 20 m of sand (Hase, 
1967). 

8.4.2 Yoshlda River (Site 3) 

This was one of the most severely daoiaged sections of dike In Miyagl Prefecture. Settle- 

ni-nt^ of up to 1 m occurred over a distance of 5 km, longitudinal cracks and scraps formed 
ia tiiti dike crest, bulges appeared In the lower slopes, and sand bolls occurred along some 
cracks (Figures 8.10, 8.11, 8.12, and 8.13). The cracks and bulges indicate that lateral 
spreading and slumping took place, the damaged section rests on Che fan-delta of a small 
stream, and a boring near this site penetrated 15 m of silt, 2 • of fine sand, and 5 m 
of coarse sand (Tohoku Regional Construction Bureau, MoC, unpublished data; Hase, 1967). 
Bedrock lies at an average depth of 35 m. 

8.4.3 Bai River (Site 4) 

Sand boils were comiriin in an old river channel at Site 4, on the right bank of the Eai River 
(Figure 8.14). A concrete block fence near chis channel was cracked by lateral spreading 
toward the old channel bank (Figure 8.15). Damage to the dike on this side of the river was 
minor. Across the river from Site 4, cracks up to 80 cm deep and 10 cm wide occurred in the 
dike. On both sides of the river, the foundation material contains nnich soft clay. Some 
layers of silt and sand may also be present. It was reported that the dikes were built 
relatively slowly, and significant sectlement took place during construction (K. Rawashiaa, 
FHRI, oral commnlcation). 



198 





Figure 8.2 Site 1, Natori River, view downstream (southeast) along 
repaired portion of dike. Dike is made of compacted 
sand. It rises 2 m above the high water level of the 
river and has side slopes of 2H:1V. Natori River in 
center-left background. 



Figure 8.3 Site 1, Natori River. Slumping of dike on flank away 

from river. View north. (Photo courtesy Tohoku Regional 
Construction Bureau) 
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Figure 8. A Site 1, Natorl River — cracking, Rettlenent, slumping, and lateral 
spreading induced by liquefaction. (From Tohoku Regional Con- 
struction Bureau, MOC, unpublished data) 




Figure 8.5 Site 1, Natori River. Liquefaction-induced cracks and sand 
boils in ground between river and dike indicate that lique- 
faction took place in materials beneath the dike. Sand in 
center-ground to left of crack is from sand boll. Sand bags 
on dike were placed after the earthquake as a repair measure. 
View is south. 





200 

Digitized by Google 



Figure 8.6 Site 2, Natorl River. View 

is west along repaired portion 




or dike. Note patch across 
offset in retaining wall offset 
caused by lateral spreading 
during earthquake. Retaining 
wall rises approximately 1 m 
above roadway. 



Figure 8.7 Site 2, Natori River. Settlement, lateral spreading, 
and longitudinal cracking of dike. View is east. 
(Photo courtesy Tohoku Regional Construction Bureau) 
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Figure 8.8 Site 2, Natori River. View is west 
across tributary of Natori River. 
Dike section shown in Figs. 8.6 and 
8.7 is to right of houses in back- 
ground of this figure. Note crack 
in concrete pavement in foreground 
is aligned with crack in retaining 
wall in background. 



Figure 8.9 



Site 2, Natori River — Retaining wall 
moved laterally and dike crest settled 
(From Tohoku Regional Construction 
Bureau, MOC, unpublished data) 



area of cracking and settlement 
3m 



crack 
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Figure 8.10 Site 3, VtL^.i.^a River. View east (downstream) 

along section of ddke where repairs arc underway. 
Dike crfiRt settled as much as 1 m over a length 
of 5 km. Sand bags have been placed as part of 
repair process. 




Figure 8.11 Sice 3, Yoshlda River. 

Cracks in dike caused by 
slumping and lateral spread- 
ing. Cracks are 10-30 cm 
wide. View is west. (Photo 
courtesy K. Kawashima, FWRI) 
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Figure 8.12 Site 3, Yoshlda River. Scarps In dike caused by slumping. 
Note man in background for scale. (Photo courtesy 
K. Kawashima, PWRI) 



Figure 8.13 Site 3, Yoshida River. Steel sheet piles being placed by 
vibratory driver as part of repair process. Purpose of 
sheet piles Is to reduce seepage under part of dike weakened 
by earthquake. 
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Figure 8.14 



Ground crack caused by lateral spreading 
Concrete block fence 



Site A, Eai River — Most 
sand bolls occurred in old 
river channel. Minor 
cracking of dike apparently 
occurred where dike crosses 
old channel, but cracks 
were repaired prior to 
visit. (After Tohoku 
Regional Construction 
Bureau, MOC, unpublished 
data) 



Figure 8.15 Site 4, Eai River - View southwest from crest of 
dike. Crack (indicated by heavy line) in fence 
and rice field caused by lateral spreading toward 
bank of old channel in background. 
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8.4.4 Old Kltakaml «Aver (Site S> 

Saad boils occurred in the rice field jdjucciU lo Llic dike {fii^ure il . L n ) , but daai.^x,«' to tut; 
dike Itself was apparently minor. Subtiurface maCerial al liiLe 3 consists of a itern.it in,; 

layers of sllty a&nd and clay to a depth of IS m. (1. lazakl. PWRL» oral conuaunlcacion). 

8.4.5 Hew Kltakaml River (Site 6) 

The dik.e and paved roadway at Site 6 settled u^i to 1.3 nti and cracKed over a distance of h Iu* 
(Figures 8.17 and S.ldj, and sand boils forned on both flanks of the dike, which is built 
over an old rivet channel. According to data from borings completed by Che Tohoku Regional 
Construction Bureau, MoC, the soil under the dauiaged part c<f the dike Is similar to tlie soil 
under an adjacent, undania?>ed section. To a depth of 8 in, the soila consist of i^ravels, 
sands, .ind silts with a few thin l.iyers of rlay. ;l-vahic:; (blows/foot from a standard pene'^ 
trutiol) test) for oiosC soil layers under both sections are less ciiau Lo, Reasouii for che 
diffetenc«8 in behavior between daaaged and undanaged sections are currently under study 
by Japanese engineers. 

8.5 LIQDB.FACTIOM la TMB FORT OF ISMMgMAKl^ 

In the port of Ishinomaki, a fine-sand fill liquefied, causia;^; sievere dairiaffe to anchored 
steel-sheet-plle bulkheads. The fill aaterial had been dredged irooi the seafioor and 
placed hydraulically with no conpactlon. It was placed next to old beach deposits, and 

the boundary of the ! i j. ' ■iia.tge followed the concact very closely; the beach depos- 

its were not involved in ttie i Iquef action. 

5.6 CQMCLUSION 

The Hlyagl— ken-ok i earthquake caused cracklnf,, settlpmnnr, lateral spreading, and slumping 
of man-nade dikes alonp several rivers in the pretoLture. Most of the d.i.nL:if;,e was due to 
liquefaction. A total of 28 linear kir. of dikes were damaged, ai;d total daiia^e Lo diKes and 
Other river works was approximately $30 million. Liquefaction also occurceU in hydraulic 
fill conposed of fine sand in the port of Ishinomaki. These effects are currently being 
Investigated by several Japanese scientists and engineers; sone reports have already been 
published (Yoshlnl and others, 197S{ Okubo and Ohsshi, 1979; Tatsuoka and others, 1979; 
Yamanira and others, 1979), and other reports should be forthcoming In the near furture. 
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Figure 8,16 Site 5, Old Kitakaml River - Sand boils in rice field. 

Plants are several centimeters tall. Damage to the 
dike at this site was minor. (Photo courtesy 
K. Kawashima, PWRI) 

Figure 8.17 Site 6, New Kitakami River. View east along crest of 
dike and highway that are being repaired. Uneven 
nature of highway surface is due to liquefaction-induced 
differential settlement. Settlements of up to 1.5 m 
occurred along a distance of 4 km. 
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Figure 8.18 Site 6, New Kitakami River. Cracking 
of dike crest and roadway due to 
liquefaction-induced slumping. 
(Photo courtesy K. Kawashima, PWRT) 



I 
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9. SBtSMtO-INDOCB]) UMDSLIDES* 



9.1 INTRODUCTION 

Several thousand landslides were triggered by the June 12, 1978, Miyagl-ken-okl earthquake. 
Landslides were eoncentrated within Mlyagi and northern Fukushloia Prefectures. Ihe land- 
slide distribution was densest along the coast nearest the epicenter from Sendai northeast 
to Che area around Matsushlma. Landslides were responsible for I death, 1 Injury, 2 houses 
destroyed and 13 houses daaated (T. Tsuruya, 1978» wqittblished data; Tohoku Dniversity 
reiport, 1979). 

Siitall rock falls and rock slides Issuing from steep slopes were the most abundant landslides. 
Along the nouatalnoua roada of the OJika Peninsula* these landsUdaa were generally less than 
10 in volume and occurred In closely fractured Trlassic and JurasBic slate and Interbedded 

nuartzitc. The largest contained several thousand cubic meters of debris and occurred on 
natural slopes In tuffaceous deposits near Matsushlma and eastward on slopes near the nouth 
of the Maroae Uwer (Figure 9.1). 

Although fewer in number, rotational slumps In artificial fill were larger than roost rock 
falls and slides and caused significant damage to highways and biiildings. Such slumps with- 
in the city limits of Sendai were responsible for damage and destruction to houses. Ihe 
poor selsvie perfornsnce of fills Indicates that they could be hasards in future earthquakes* 

The authoc spent approximately three days surveying seisailc-iaduced landslides and their 
effects from south of Sendai along the Natori River to the mouth of the Hew Kltakemi River. 
Data included within this report eooprisea observations f roa the antlM>r*s reconnaiasaace, 
tnfocMation provided by Mr. T* Tsuruye of the Japanese Hinistry of Construction, and data 
froa a report published by Tohoku University (1979). 

The following descriptions of seisate-lndueed landslides are presented at site observations 

(referring to Figure 9.1 for locations of individual landslide sites and local geography). 
Tlie landslide sites depict noteworthy and representative exaaples of the different kinds of 
landslides that occurred in this earthquake. Sites 1 and 4 through 8 are described with the 
aid of supplenental data and photographs provided by Mr. X. Tsuruya of the Slope Protection 
Division, Hinistry of Construction, Tokyo. 

9.2 ROCK FALLS AND ROCK SLIDES ON NATURAL SLOPES 

9.2.1 Site No. 1 

Two of the largest rock falls from the earthquake occurred near Takayamashita in Matsushlma 

town west of the lakagi River on steep (greater than 45°) natural slopes. The larger of 
these rock falls (Figure 9.2) occurred In a deeply weather and closely Jointed Miocene tuff 

breccia (Geologic Map of Mlyagi Prefecture) exposed In a scarp. The slope affected is 

approximately 110 m wide, and the volume of debris is about 6,000 m^. The rock fall damaged 
four houses built next to the slope. A close view of SOBS of the dansge to the house second 
fros the left in Figure 9.2 is shown in Figure 9.3. 

About 0.5 km to the north, a smaller rock fall occurred on a steep slope in dark brown vol- 
canic rocks (Miocene tuffs (?)). The scarp is about 20 m high and about bO m wide (Figure 
9.4). The debris is blocfcy and includes boulders up to 2 a in dlaaeter* The scarp reveala 
extensively fractured bedrock. The fractured surfaces probably provided planee of weakneas 

along which the rock failed. 

9.2.2 Site Mo. 2 

Three rock falls otcurred on steep east-fac 3 ng bluffs flanking a broad flood plain near the 
mouth of the Naruse River. All three were aarrow failures, about 15 m wide, that occurred 
in dark brown volcanic rock similar to the smaller rock fall at Site No. 1. The slides 
extended froa near the crest of the bluffs to the base, a height of approximately 30 n. Two 
of the slides are shown in Figure 9.5. 



Prepared by Edwin L. Harp, U.S. Geological Survey, Menlo Park, California. 
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Figure 9.2 Rock fall on steep slopes of Miocene pumiceous tuff breccia 
near Takayamasuita. This rock fall damaged four houses 
close to the base of the slope. (Photograph courtesy of 
Y. Tsuruya, Slope Protection Division, Ministry of 
Construction) . 



Figure 9.3 Closeup of rock fall damage to houses shown in left portion 
of figure 9 . 2 . (Photograph courtesy of Y. Tsuruya) 




211 



Digitized by Google 




r 

Figure 9.4 Rock fall on steep slopes In volcanlclastlc sediments. 



Figure 9.5 Rock falls (arrows) In steep bluffs bordering flood plain 
near mouth of Maruse River. 
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9.2.3 8lee No. 3 



A saall rock fall south of the New Kltakani River occurred on the ead o£ a narrow ridge oi 
Trlasslc slate and quartzite. Slopes adjacent to this end of the ridge shoved no failure, 
ettggasting that thla point, which was the navroweet part at the ridge, experienced stronger 
•halting than adjacent slopes. Thla phenoaenoa haa been docoaeotad la other earthquakes 
(Bonilla, 1959; Nason, L971; Harp aod Others, 1978) and has heee attrtbnted to the topogra- 
phic focusing of seismic energy. 

9.3 KOCK FALLS AND ROCK SLUMS IN CUT SLWBS 

9.3.1 Site No. 4 

Near Atago in Matsushiiia, approxiaiately 1.0 kn east of the Site No. 1, rock falls fron tuff, 

similar to the Cuff forming the larger rock fall at Site No. 1, damaged outbuildings near 
three houses. About 500 m^ of debris was shaken from cut slopes 15 m in high beneath which 
houses and sjtotase bttildings were closely juxtaposed (Figure 9.6). Moat of the damage waa 
not to the houses proper but to attached storage sheds and outbulldlnga as ahowa in Figure 
9.7. 

9*3.2 Site No. 3 

Approximately 3 km east of At in Mototctaru, Ma tsushima , small rock falls occurred la 
tuff-breccia deposits, damaging several storage buildings adjacent to houses. Failures 
occurred along a section of cut slope about 100 m in long and produced about 200 m"^ of 
debris. The slope is 10-13 m high and is inclined at about 60°. One rock fall end a scarp 
exposing tuff breccia la ahom in Figure 9.8* 

9.3.3 Site No. 6 

At Rekinoura in Metsushlma, about 100 m of blocky debris was produced by a seismic-induced 
rock fall in tuff that damaged a concrete wall adjacent to a house. This rock fall occurred 
on the nose of a narrow ridge of about 35 m local relief. The slope failed along pre- 
existing fractures or Joints and produced blocks of debris as long as 1.0 a. Ihe size of 
the blocks reflects the freeture spacing of the rock. The rock fell end the house adjacent 
to the damaged concrete wall are shown In Figure 9*9. Two Other anall rock falls neerby did 
minor daoage to walls ot three other houses. 

9.3.4 Site Mo. 7 

At Kitashlonai, Kurata, 25 km southwest of Sendai, another steep slope in tutf tailed, gen- 
erating a soall rock fall daaaging one house. Figure 9.10 shows several houses near the 
nearly Tertlcal cut slope about IS d high. One of these houses suffered daaage to a retain^ 
Ing fence and part of the roof . A doseup of the rock fell end roof demsge is ehown in 

Figure 9.11. 

9.3.5 Site No. 8 

A rock fall of approximatelv 1000 yr occurred at Heblnumayama, Sanbongi, on a 20 m high, 110 
m long, nearly vertical cut-slope no more than 10 m from five houses at the base of the 
slope (Figure 9.12). The falling rock did minor damage to two houses and attached stotege 
sheds (Figure 9.13). Bock fell occurred along the entire length of the slope which is 
eonposed of a bedded tuff containing numerous fractures. Here, aa at Kakinoura, failure 
took place aiouK the pre-existi ' ^acture surfaces. Block slse of the debris ranged fron 
several centimeters to several meters. 

9.3.6 Site No. 9 

A typical roadcut failure (Figure 9.14) was derived from weakly ceioeaced sandstone along a 
valley west of the Naruse River. The rock fall is less than 1 d thick, and slope height 
is about 10 n. 
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Figure 9.6 Panoramic view of houses damaged by rock fall from adjacent cut slope 
in tuff*. Rightmost arrow points to area shown in figure 9.7. 
(Photograph courtesy of Y. Tsuruya) . 



* Arrows point to failure scarps. 



Figure 9.7 Closeup of rock fall and damage to buildings shown In right-hand 
portion of figure 9.6. (Photograph courtesy of Y. Tsuruya) 
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Figure 9.10 Panorama of cut slope near Kltashiona in Mloceno Lull which produced 
rock falls during earthquake damaging nearby houses. Arrow points to 
damaged house shown in closer view in figure 9.11. (Photograph 
courtesy of Y. Tsuruya) 



Figure 9.11 Rock fall damage to retaining wall and roof of house in left-hand 

portion (arrow) of figure 9.10. (Photograph courtesy of Y. Tsuruya) 
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Figure 9.12 Steep slope near Heblnumayama in heavily fractured tuff which 
underwent failure as rock falls damaging portions of houses 
in front of the slope. 



Figure 9.13 Rock fall from slope shown in figure 9.12 impinging on 
storage shed next to slope. 





Figure 9.14 Rock fall from roadcut in weakly cemented sandstone. 
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9.3.6 Site No. 10 

A rock fall in Trlasslc slatu aud i ine-sralned quartzice occurred on a steep roadcut. aiope 
on the north side of the New Kltakami Kiviii. The scarp of the rock tail is inclined at 
•bout 60° and Is foroed by proaineat slaty cleavage planes (Figure 9.15). The blocky debris 
broke Into pieces of up to 30 cb 1b longest dimension* Alaoet nil of the debrle coneleted 
of blocks thnt hnd sepnrnted nlong pce-exlstlng fractures. 

9.3.7 OJlkn Penlnsuln 

Reconnaissance of the Ojlka Peninsula and area imedlately to the north was along winding 
nountain roads that travcrsc-d lic-avlly vei-et jtcd slopes. The slopes had a chin soil oantle* 
generally less than 0»5 a chick. Numerous small rock falls were derived from the near 
vertical rosdeuts In these slopes. None contained aore than a few cable iieters of debris* 

9. A LANDSLIDES IN ARTIKICIAL i-lLL 

9.4.1 Site No. U 

Several artificial fill failures occurred on roads on the Ojika Peninsula; one such failure 
is shown la Figure 9.16. The fill material slumped away from beneath th^ road sur£ac«i and 
foraed « scarp cutting about 2 n into the highway. The fill appeared to be either uncom- 
paeted or poorly compacted sandy clay derived from adjacent bedrock and soil. This failure 
occurred at a site where rainfall-Induced slumping had occurred repeatedly before the earth- 
quake (T. Tazaki, 1978, oral comnunication) . At the time ol ihe visit, plastic sheets had 
been spread over Che extensively cracked pavement to prevent or oiainlze calofall lafllcra- 
tlon Into the scarp area. During observation* heavy rainfall ««s mobilising the debris Into 
small nidf lows. 

9.4.2 Site No. 12 

Hany slope failures In artificial fill took place within the city Units of Sendal. These 

failures were mainly sluraps. In the neighborhood of f:i dorigaoka, a large rutational slump 
occurred in a fill slope of about 13°, composed of gravelly clay. From the headwall scarp 
to toe, the slump extends approxlnately 70 m horlsontally and 20 n vertically (T. Natausaki, 

1978, unpublished data); it is approximately 30 m wide and about !'« b in mnxiimiin thickness, 
thus the approximate volume is 30,000 m . Moat ot the slucip was above and to the right ot 
one of the 1400 concrete slope-protection dams (sabo works) in Sendai (Figure 9.17). The 
slumpnass had been covered with nylon tarps before the photograph was taken to prevent 
Infiltration of rainfall. 

Many houses had been removed from this slope In previous years due to ralnf ali-lnduced slump- 
ing; as a result, only one house near the headwall scarp was severely damaged by the seisole- 
Induced slldiog. Figure 9.18 shows this house, which was being undercut by the multiple 
scarps at the head of the slunp. The fence in the figure shows the rotational coapooent of 
■Inmp movement. 

About 5 m of horizontal displacement (¥. Hatsuzakl, 1978, unpublished data) occurred, plac- 
ing the toe of the landslide mass only a few meters from houses below. One such house, 
which had been evacuated because of the threat of recurrent movement is shown in Figure 
9.19. 

At the time of observetion,* engineers from the Sabo Section of the Miyagi Prefectural 
government were engaged in a geotechnlcal investigation of the slump mass and surrounding 
area, goreholes had been drilled in the slide naterial to establish the depth of the fail- 
ure aurface* to provide samples for strength testing, and to emplace slope inclinometers 
to monitor any continuing movement. Adjoining areas were also being drilled and monitored 
to detect any movement that might be precipitated by the alide» such as deformation down- 
slope from the toe In ruf^ponse to the weight Of the encroaching slide mass or retrogressive 
slumping upslope from the headwall scarp. 

Haiqr other artificial fill slopes in Sendai underwent similar failure. At a site about 0.3 
km east of Mldorlgaoka, six houses were condemned by the mayor of Sendai because of cracking 
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Figure 9.17 Rotational slump In artificial fill In Sendal (area covered 
by tarps) which destroyed one house and is threatening 
others. To left of slump is concrete slope protection dam 
(sabo vrorks). 

Figure 9.18 House near head of slump. House was removed due to under- 
cutting by headwall scarp (Photograph courtesy of Y. Tsuruya) . 
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Figure 9.19 Toe of slump and house below in danger of 
being overridden by slide mass. House has 
been evacuated. 
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beneath and around the houses within the fill area* The decision to destroy the houses was 

mdt* to protect the houses downslope because the failure of the si opt? was Judged to be 
imnlneat unless the weight of the damaged houses was removed (I. Tazakl, 1978, oral commini- 
eatlon). 

A large, spectacular slump In artificial fill, derived from Hiocene ash-flow tuff, occurred 

in Shlrolshl City, about 35 km southwest of Sendat. One fatality occurred from this falluru. 
This slump took place In a planned residential area under conditions of a high water table. 
Tha sluap aoTeneot was acconpanlcd by nudflow (Tohokti OniT. rejMirt, 1979). This landsllda 
was not seen tgr the author p but Is described by the Tohoko University report (1979). 

Judging from the extensive failure of artificial fill slopes, as compared to the few notice- 
able landslides on the aany ateep natural slopes in the sane areas, the artificial fill is 
particularly susceptible to selswlc'-liiduead failure. These artlf iclal-flll slopes are 
likely to be hasarda In future earthqoakas. 

9.5 SnOttRT OF FINDIIIGS 

The June 12, 1978, Miyagi-ken-okl earthquake triggered several thousand landslides In Mlyagi 

and Fukushlma Prefectures. A field reconnaissance of the coastal region nearest the epi- 
center two weeks after the earthquake led to Che following general findings: 

(1) Most TandsHdes were rock falls and rock slides and occurred on natural and cut slopes 
steeper Chan 43'^. Damage to houses and other structures was a result of the close proximity 

of houses to the base of steep slopes. 

(2) Many slopes and roadways constructed on artificial fill failed during the earthquake. 

The slumping of artificial slopes also caused extensive daiiuge to houses. Tiie lieavlcst 
damage from these failures occurred In areas occupied by housing developments in Sendal and 
la Shlrolshl. 

(3) Many slopes composed of artificial fill were more susceptible to seismic-induced fail- 
ure than stoop natural slopes. This susceptibility is probably a result of insufficient 
compaction of the fill material. Artificial fill slopes could constitute a significant haz- 
ard In future earthquakes. 
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10. GSNBRAL G0NCL0SION8 



The effect of the Mi>agi-kt:n-oki earthquake of June 12, 1978 on the Sendai area was quite 
moderate, considering its magnitude and the potential for disaster. This was In large Mas— 
ure due co good engineering practice and the extremely quick, and comprebenslve responac o£ 
the Japanese authorities to the earthquake. At the tine of the team investigation beginning 
I! days following the earthquaka, ir.ufh of Ll.y debris had been cleared away and rerair ..nJ 
recovery operations were well underway, ihe approaching rainy season gave a sense of urgency 
to these tasks. With the exception of a few establishments still without city gas service, 
the aituation In Sendai was essentially normal. It was obvious that the tBspoimm to the 
earthquake was well planned and that the disaster mitigation and relief activities are well 
coordinated amoiig thf different levels of ^jvernment. The fact that the main energy release 
occurred soae distance from any inhabited areas lessened the impact that an earthquake of 
this magnitude otherwise would have had. 

Subsequent iavescigation showed that modern structures and iaciiities suirereu iittic dtxai~ 
age. In particular, structures designed subsequent to the promulgat iun >/f the new seismic 
design provisions of 1971 performed exceedingly well. The successful performance of most 
modem sttltlstory buildings shows that modern seismic engineering practices can provide 

resistance to strong earthquake motions at reasonable cost. The total damage due co Miyagi- 
ken-oki earthquake constituted a small percentage of the total capicai ioveiStment in build- 
ings and structures, despite recorded yri)und accelerations in the range 0.25g - 0.40g in 
the Sendai area, and accelerations as high as l.Og in upper stories of high rise buildings. 

oijiccr; jy pockets of damage existed throughout the city that apparently were correlated to 
the local geology and soil conditions. Acceleration magnitudes across Sendai varied consi- 
derably with location. The eaatem part of the city, where many of the damaged structures 

were located, is built on alluvial deposit? which, from a foundation standpoint, are poorer 
than Che remaining portion ot the city. Soli conditions la the central portion of Sendai 
are considerably better, and the damage was limited. 

Analyses of the earthquake and the performance of structures are currently being conducted 

or recently have been completed by Japanese engineers and seismologists. One of the first 
of these is the report on strong notion records and data issued by the Strong Motion Earth- 
quake Observation Council, National Research Center for Disaster Prevention of Japan. 
OlgitlcaClon of some of the traces has been performed by the Building Research Inaltute 
and Public Works Research Institute. Tokyo Electric Power Company engineers are conducting 
a comprehensive analysis of the strong; notion data gathered at the Fukushima nuclear power 
plant. When this information Is released, probably within the next year or so, It will be 
of considerable value to engineers and licensing officials in th« U<8* as veil as Japan* 
These reactors and containments are Similar to those Operating in the U.S. and they suffered 
no damage in the earthquake. 

Although similar observations have been aiade in the aftermath of previous earthquakes. It 
seems wortbMhile to reanphaslse the following points about achieving earthquake resistant 
design: 

(1) Structure should be laid out so that they are as symmetrical as is consistent with their 
function. Practically all severely damaged or collapsed engineered structures exhibited 
a significant asymmetry of some kind in the form of an eccentric oiass or placement of 
shear walls. 

(2) When infill panels or spandrels are used, particular attention should be paid to 
detailing and to the design of structural members connected to then. When used on only 
one side of a building, their stiffening effect causes most of the damage to occur to 
that side. 

(3) The apparent correlation of structure damage to local soil snd geologic conditions sug- 
gests that thin fnrtor should receive additional attention in the design of structures 
of even moderate size and cost. Seismic regulations In codes should include a soils 
parameter in their load criteria. 

(4) Performance of buildings clearly Is related to quality control and design detailing. 
There were cases of failures where column ties appeared to be minimal and improperly 
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ancdiorad. In otlwr iMtaoeM, thay appsarad to ba adaqoata. Tha quaatioa arlaaa 
wfiether dlscrcpaaclea exist betwaaa cha atructura as built aad tha coda raaamanda- 

t ions I 

Poac earthquake InveaclgatlOD of damaged bridges haa taught nany laeaona. The 1964 
Miigata and 1971 San Pernando aarchquakes pointed to the liq>ortance of providing 1) 

reQtrnlnirig dovlcoa acroas hingot; and joiiito and 2) proper colutziii reinrui ceaierit dtttrills 
including the foundation connections • The 1976 Guateoula <aarch<]uake demons Crated Chat 
the longitudinal restraining devices across hinges can provide the continuity required 
to keep spans from falling. The Mlyagi-ken-oki earthquake has provided incentive to 
further lnvestl$;ate the need for and performance of transverse restraining devices and 
to examine the philosophy behind ductile and non-ductile column/pier design. Another 
topic of interest is correlation of soil type to foundation/substructure dana^. 

The collapse of clio Kln-noh bridge, which was prpvinusly danwj^d in a February 1978 
earthquake, indicates that structural damage may occur due to either strong aftershocks 
or nultiple event excitation. 

In regions of high seismlcity, critical and important structures should be identitied 
and additional care stiouid be taken in detail deslgo and in field Inapeetlon (quality 
assurance) during construction* 
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